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INTRODUCTION 

Pulsed  roentgenography  technique 
plays  an  important  role  in  high-pressure 
physics  researches  employing  shock 
waves,  explosion  energy  magnetic 
cumulation,  as  well  as  in  gasdynamics 
study  of  explosive  facilities  and  other 
fields  of  investigations.  Characteristics  of 
a  radiation  generator  and  an  image 
recorder  which  should  meet  high  demands 
of  explosive  tests  determine  the  technique 
capabilities.  The  required  high  spatial  and 
temporal  resolution  limits  the  radiation 
pulse  duration,  irradiator  dimensions  and 
define  the  spectrum  content  of  radiation 
used  and  the  experiment  geometry. 

In  1955  it  was  suggested 
(A.I.Pavlovskii)  to  study  fast-going 
processes  in  massive  objects  with  a 
comparatively  hard  bremsstrahlung 
radiation,  ironless  circular  induction 
electron  accelerators  -  betatrons  -  being 
the  sources  of  such  radiation.  High- 
current  ironless  betatrons  of  record 
power,  to  100  MeV  [1],  were  constructed 
and  for  nearly  thirty  years  are  employed 
in  various  researches  of  fast-going 
processes. 

The  high-current  betatron  concept 
was  based  on  the  maximizing  of  stable 
acceleration  region  extension  Him- 

(Ar/ro)^  as  well  as  the  injection  energy 

Ilim~p^Y^  at  a  relatively  small  orbit 


radius.  This  caused  the  study  of  different 
ways  of  betatron  field  formation  in  the 
absolutely  ironless  systems  and  extensive 
investigations  of  annular  electron  beam 
shaping  and  accelerating  processes  at 
maximal  currents.  The  injection 
parameter  effects  on  the  current  captured 
in  acceleration  [2],  various  types  of 
injectors  and  beam  input  systems  were 
studied.  An  injector  of  nearly  2  MeV 
energy  with  a  thermocathode  was  created. 
Also,  the  feasibility  of  toroidal  focusing 
fields  application  and  space  charge 
compensation  were  studied.  It  allowed  to 
realizate  a  radiation  generator  of  then 
record  characteristics.  However,  the  level 
achieved  happened  to  be  lower  then  the 
expected  one  at  such  injection  energy,  so 

the  present  investigations  were 

undertaken. 

CURRENT  INCREASE 
INVESTIGATIONS  IN  IRONLESS 
BETATRONS 

In  the  electromagnet  design 

employed  for  high-current  ironless 

betatrons  a  betatron  magnetic  field  with  a 
large  area  of  stable  acceleration  Ar/rQ«0.7 
and  Az/ro«0.6  is  formed  by  a  system  of 
current-carrying  coils  shown  in  fig.  1(a).  It 
comprises  two  groups  of  plane  helical 
coils  contributing  mostly  into  betatron 
field  and  a  central  solenoid  which  couples 
these  coils  and  generates  the  accelerating 
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magnetic  flux.  This  ironless  electromagnet 
provided  electron  acceleration  to 
100  MeV  energy.  In  this  case  the  maximal 
magnetic  field  was  14  kG  on  the 
equilibrium  orbit  of  ro=23.4  cm  radius. 


h 


Fig.  1.  Schematic  diagram  of  the 
electromagnets 


The  magnetic  field  produced  by  a 
ironless  electromagnet  differs  from  an 
ideal  betatron  field  in  1%  azimuthal 
asymmetry,  a  slight  slope  of  the 
equilibrium  orbit  plane  and  nearly  5% 
azimuthal  constituent  of  a  magnetic  field. 
A  priori,  estimation  of  these  disturbance 
effect  on  the  accelerating  current  did  not 
seem  possible.  For  this  purpose  the 
electromagnet  was  designed  which 
current-carrying  coil  system  consists  of 
two  coil  group  symmetrical  in  relation  to 
the  middle  plane  (fig.  1(b)).  Each  group  of 
coils  has  two  layers  of  plane  helixes  and  a 
two-layered  central  solenoid  coupling 
them.  Application  of  two-layered  plane 
helixes  and  the  solenoid  provided  a  good 
azimuthal  symmetry  and  eliminated  the 
azimuthal  constituent  of  the  field.  The 
influence  of  magnetic  field  structure 
variations  was  checked  via  the 
comparison  of  betatron  radiation  output 
with  various  electromagnets.  The  betatron 


radiation  output  with  a  new 
electromagnet  happened  to  be 
approximately  thrice  as  much.  The  effect 
of  the  magnetic  field  azimuthal 
constituent  was  studied  separately.  The 
experiments  where  conducted  with  the 
betatron  with  a  new  electromagnet  where 
a  special  winding  produced  the  azimuthal 
field  of  varying  value.  A  noticeable  drop 
in  the  betatron  radiation  output  was 
marked  at  5%  increase  in  the  azimuthal 
field  (fig.2).  The  effect  of  magnetic  field 
structure  variation  turned  out  to  be 
stronger  then  one  might  expect. 


Fig.  2.  Intensity  dependence  on  azimuthal 
field  magnitude. 

As  it  was  mentioned,  a  substantial 
current  increase  in  the  betatrons  at  the 
expense  of  injection  energy  increase 
proved  to  be  a  very  complicated  feasibility 
problem.  In  search  for  its  optimal  solution 
the  investigations  in  nanosecond  injection 
pulse  range  where  undertaken.  The  self¬ 
emission  cathode  applied  in  the  injector 
diode  helped  to  study  the  dependence  of 
betatron  radiation  output  on  the  injection 
pulse  duration  (fig. 3).  When  the  injection 
lasts  less  than  two  revolutions  (  6  ns),  this 
dependence  trajectory  testifies  for  the 
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determinant  influence  on  the  electron 
capture  efficiency  in  interaction  collective 
effects  acceleration.  These  investigations 
were  conducted  at  300  keV  injection 
energy.  At  injection  energy  increase  the 
deficit  in  the  injected  current  was  marked 
that  resulted  in  a  considerable  lowering  of 
injection  efficiency.  The  required  current 
dependence  on  the  injection  energy  U^, 
the  diode  current  grows  with  voltage 
increase  U3/2_ 


3  6  9  12  15 


Fig.  3.  Intensity  dependence  on  the 
injection  pulse  duration. 

The  problem  of  good-quality  high-current 
electron  beam  production  remains 
unsolved.  Under  these  conditions  to 
advance  in  the  high  injection  energy 
region  it  was  obligatory  to  increase  the 
efficiency  of  electron  capture  for 
acceleration.  As  a  rule,  this  value  is  5%, 
not  more.  We  managed  to  succeed  in  this 
at  the  expense  of  the  local  disturbance  in 
betatron  field  attenuating  in  time  of  5-10 
revolutions  of  an  electron.  At  the  optimal 
ratios  of  disturbing  and  betatron  fields,  of 
winding  geometry  creating  field 
disturbance  and  its  attenuation  velocity, 
the  multi-revolution  capture  of  electrons 
into  acceleration  is  realized.  The 
dependence  of  the  current  circulating  in 
the  betatron  on  the  injection  energy  was 


studied  with  the  optimized  facility  of 
magnetic  field  local  disturbance.  An 
injection  pulse  lasts  for  4-6  (20-30  ns) 
electron  revolutions  on  the  orbit.  Fig.4 
presents  the  results  obtained.  It  is  evident 
that  the  discovered  method  of  efficiency 
increase  for  electron  capture  into 
acceleration  allowed  us  to  bring  the 
experimental  dependence  closer  to  the 
calculated  one.  The  maximal  circulating 
electron  current  was  280+30  A  and 
nowadays  it  is  record  for  circular 
accelerators.  We  should  note  that  these 
results  were  achieved  with 


I,  A 


0,2  0,6  1,0  1,4  1,8  E,  MeV 

Fig.  4.  Beam  current  dependence  on  the 
injection  electron  energy. 

X-  betatron-prototype;  A-  modernized  betatron, 
self-captured;  O-  modernized  betatron, 
captured  with  field  disturbance. 

a  porcelain  accelerating  chambers  having 
a  relatively  high  conducting  cover  which 
resistance  was  2-50  Ohm. 

PULSED  HIGH-CURRENT 
BETATRON  APPLICATIONS 

High-current  ironless  betatrons 
created  helped  in  rational  solution  of  the 
problem  of  the  roentgenographic  study  of 
fast-going  processes  in  massive  objects. 
We  realized  the  possibility  of  x-raying  the 
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investigation  object  in  different  directions 
or  imaging  several  phases  in  one 
experiment  when  some  radiation 
generators  are  employed.  High  probability 
of  getting  information  from  a  single 
explosive  experiment  is  rendered  by 
reliable  operation  of  the  accelerator  and 
special  devices.  When  studying  the 
processes  which  last  lesser  then  the 
acceleration  period,  this  device  estimates 
current  capture  into  acceleration,  and  if  it 
appears  to  be  noticeably  different  from  it 
nominal  the  detonation  of  an  investigated 


Fig.5.  Ironless  high-current  65  MeV 
betatron. 


object  is  blocked.  Fig.5  shows  the  picture 
of  pulsed  high-current  ironless  65  MeV 
betatron  with  23.4  cm  radius  of  the 
equilibrium  orbit.  The  radiation  pulse 
duration  is  40  ns,  focus  dimensions 
2x4  mm^.  This  radiation  generator  was 
employed  in  the  researches  of  magnetic 
cumulation  of  explosion  energy  and  some 
other.  More  powerful  generators  are  used 
for  x-raying  of  extremely  thick  heavy 
materials.  The  investigation  results  cited 
here,  which  made  possible  the  substantial 
increase  of  current  in  the  betatron,  give 
new  opportunities  in  researches  of 


fast-operating  processes.  The  table  lists 
almost  ultimate  characteristics  of  high- 
current  ironless  betatrons  -  generators  of 
radiation  for  fast-going  process  studies. 


Accelerated  electron  energy, 
MeV 

100 

Number  of  the  accelerated 
particles  per  pulse 

JQlS 

Circulating  current  in  the 
orbit,  A 

300 

Radiation  dose  in  a  meter 
from  the  target,  roentgen 

250 

Radiation  pulse  duration  at 
0.5  amplitude: 

-short  pulse,  ns 
-long  pulse,  ps 

40-300 

1-10 

Synchronization  accuracy  with 
the  investigated  process,  ns 

50 

Irradiator  dimensions,  mm 

2x5 

Maximal  thickness  of  a  lead 
test  x-rayed  per  pulse  in  a 
meter  from  the  target,  mm 

265 

In  conclusion  it  should  be  noted 
that  the  possibilities  of  current  increase  in 
circular  induction  accelerators  are  not  yet 
complete.  The  results  obtained  give 
grounds  for  a  hope  to  achieve  kiloampere 
circulating  currents  in  the  ironless 
betatrons. 

[1]  A.I.Pavlovskii,  G.D. Kuleshov,  Ju.A.Zisin, 
A.I. Gerasimov,  rDoklady  Akad.  Nauk  SSSR, 
V.160  Nol  (1965)  p.68 

[2]  A.I.Pavlovskii,  G.D.Kuleshov,  A.I. Gerasimov, 
A.P. Klementiev,  V.O. Kuznetsov,  V.A.Tananakin 
and  A.D.Tarasov,  :Journal  of  Technical  Physics, 
V.47  No2  (1977)p.371 


-652- 


DETERMINATION  OF  THE  EFFECTIVE  IMPULSE 
TIME  DURATION  OF  INTERACTION  OF 
SOFT  X  -  RADIATION  WITH  MATTER. 


P-2-55 


K.  S.  Dyabilin,  V.  E.  Fortov,  E.  V.  Grabovskij, 
M.  E.  Lebedev.  V.  P.  Smirnov 


High  Energy  Density  Research  Center,  Izhorskaya  13/19,  Moscow  127412, 

Russia 

Troitsk  Institute  of  Innovative  and  Fusion  Research,  Troitsk, 

142092,  Russia 


It  is  known  that  under  the  interaction  of  the  pulsed  power  with  the  matter  the  ablation 
occurs.  From  one  side  this  ablation  leads  to  the  shock  wave  formation  in  the  condensed  matter 
from  an  other  leads  to  the  screening  of  the  power  and  decreasing  of  its  interaction  with  target. 
We  suggest  a  new  method  of  determination  of  the  effective  time  of  interaction  of  the 
powerfull  radiation  with  condensed  matter.  This  method  based  on  known  method  of 
determination  of  sound  velocity  in  compressed  matted  described  in  [1]. 

Description  of  the  method. 

Let  us  consider  that  powerfull  radiation  strikes  the  condensed  matter  fig.  1.  This 
radiation  absorbed  in  the  near  surface  layer  (1)  of  the  condensed  composite  target  (metal 
(1,2)  +  indicator  matter(3)).  At  fig.  2  the  x-t  diagram  of  the  hydrodynamic  process  in 
condensed  target  is  presented.  The  shock  wave  (1)  was  formed  at  time  moment  tj  and 
propagated  into  the  target.  This  shock  wave  pass  to  another  co-called  “indicator”  matter  (this 
matter  is  a  transparent  matter  with  well  knovm  equation  of  state;  under  compression  the 
indicator  matter  emitted  light,  the  dependence  of  emitted  light  and  pressure  should  be  well 
known  too)  and  velocity  of  the  shock  wave  changed  (2),  the  dotted  line  in  this  figure  presents 
the  motion  of  the  boundary  between  the  surface  layer  and  indicator  matter.  During  the  time  the 
ablation  of  the  target  will  cause  the  absorption  out  of  target  (time  moment  if)-  (Of  cause  this 
moment  is  not  sharp.)  So  the  pressure  on  the  target  surface  decreased  and  the  rarefaction 
wave  (3)  appeared  which  was  expanded  through  the  matter  being  compressed  before.  The 
velocity  of  rarefaction  wave  is  more  than  that  of  the  shock  wave.  At  the  some  distance  X2 
the  rarefaction  wave  achieved  the  shock  wave  and  amplitude  of  shock  wave  decreased 
substantially.  At  this  moment  (t2)  the  intensity  of  luminescence  of  indicator  also  decreased. 
Measurements  of  the  velocity  of  the  shock  wave  and  the  time  of  the  achievement  of 
rarefaction  of  the  shock  wave  (both  were  measured  by  optical  method)  allowed  to  determine 
the  real  time  of  the  radiation  with  target  interaction. 


-653  - 


Figiu:e  1.  Target.  1,2  -  absorbed  layers;  3  -  indicator  layers 


Figure  2.  X-t  diagram  of  the  process.  Left  -  impulse  of  radiation.;  1  -  shock  wave  in 
absorbed  layer;  2  -  shock  wave  in  indicator  layer;  3  -  rarefaction  wave  in  absorbed  layer; 
4  -  rarefaction  wave  in  indicator  layer 


Experiment 


The  experiments  were  carried  out  at  the  “ANGARA-5 -1”  installation.  The  SXR  power 

level  was  about  1-2  TW/cm^  with  the  pulse  duration  about  30  ns.  The  shock  pressure  of  Pb 
target  about  300  GPa  was  achieved.  [2]. 


Fig.  3  Oscilogram  traces  from  photodiodes.  Records;  up  for  up  indicator  layer,  down  - 
for  down  indicator  layer  (see  fig.  1) 

The  target  (4  mm  in  diameter)  consists  of  16  pm  A1  layer  (poz.  1  on  fig.  1),  88  pm  Pb 
layer  (poz.  2)  and  fused  quartz  indicator  layers  400  pm  in  diameter  (poz.  3).  Radiation  was 
coupled  out  of  the  experimental  apparatus  by  means  of  optical-fiber  communication  links.  The 
optical  radiation  from  the  fibers  was  detected  by  photodiodes  with  time  resolution  less  than 
1  ns.  Typical  oscilogram  is  presented  on  fig.  3. 

In  this  experiments  we  estimate  the  effective  interaction  time  of  the  powerful  soft  x 
radiation  with  the  condensed  matter  as  about  20  ns.  In  future  we  plan  to  perform  analogues 
experiments  with  different  indicator  layers  and  materials. 


References: 

1.  Ya.  B.  Zel’dovich  and  Yu.  P.  Raizer,  Physics  of  Shock  Waves  and  High  Temperature  Hydrodynamic 
Phenomena,  (Academic  Press,  New  York,  1966). 

2.  E.  Grabovskij  et  al.,  JETP  Lett.  60  (1994)  3. 


-655  - 


P-2-56 


INTERRAD-  INDUCTIVE  TERAWATT  X-RAY  GENERATOR 

(Project) 

N.F.  Popkov,  A.S.  Pikar',  V.I.  Kargin,  E.A.  Ryaslov,  A.G.  Lyubomirskii 

All-Russian  Research  Institute  of  Experimental  Physics  (VNIIEF),  Sarov,  Nizhniy  Novgorod 

Region,  607190,  Russia. 


Abstract. 

There  are  given  the  results  of  the  development  and  experimental  research  of  explosive 
electron  beam  accelerator  circuits  powered  by  magneto-cumulative  generators  forming  the 
current  pulse,  using  explosive  plasma  opening  switches. 

The  conceptual  lay-out  of  inductive  terawatt  X-ray  generators  powered  by  EMGs  is 
proposed.  The  calculation  results  of  the  terawatt  X-ray  generator  including  the  load  placed  in  a 
special  bunker  are  represented  in  the  present  paper.  There  are  analyzed  the  losses  at  the  stage 
of  the  HE  energy  conversion  into  that  of  the  magnetic  fields,  those  occured  in  transmission 
along  the  high-voltage  cable  line,  as  well  as  the  processes  developing  in  plasma  opening 
switches. 

Introduction. 

For  several  years  in  VNIIEF  there  have  been  designed  and  researched  the  X-radiation 
sources  of  “  PIRIT  ”  type.  During  this  time  several  electro-physical  facilities  are  developed, 
implemented  and  introduced  into  practice,  provided  the  energy  storage  in  the  range  of 
40  kJ-2  Ml.  In  principle,  “PIRIT”  facilities  are  based  on  the  use  of  the  inductive  energy 
storages  and  current  pulse  formation,  employing  opening  switches.  Inductive  storages  as 
compared  to  the  capacitive  ones  possess  a  higher  parameter  of  the  stored  energy  density  and, 
moreover,  MCGs  may  be  effectively  applied  to  energize  them,  provided  the  generated  energy 
makes  dozens  and  hundreds  of  megajoules. 

Application  of  new  and  more  capacitant  energy  sources,  i.e.  magneto-cumulative 
generators  (MGSs)  and  explosive  current  opening  switches  leads  to  a  considerable  deminishing 
of  the  sizes,  weight  and  cost  of  the  facilities  intended  to  generate  powerful  X-radiation  fluxes. 

In  the  course  of  the  work  carrying  out  the  authors  studies  various  X-ray  generator  lay¬ 
outs.  Among  those  there  were  generators  with  the  H-pressed  discharge,  Z-pinches  and 
generators  including  inductive  accelerators,  those  with  the  formation  line  and  those  of  a  direct 
action  incorporating  inductive  storages  [2-5]. 

Earlier,  there  were  reported  the  research  results  of  the  X-ray  generator  development 
based  on  the  direct-action  accelerators.  In  all  the  designs  considered  the  multi-turn  MCGs 
were  used  ensuring  the  10-15  MA  current  pulses  output  at  the  voltage  of  several  dozens  of 
volts.  To  coordinate  the  diode  impedance  with  that  of  the  energy  source,  we  used  the  current 
enhancing  transformer  and  the  especially  developed  for  this  purpose  helical  opening  switch 
with  the  explosive  plasma  opening  element.  L474,  L475  and  L476  electron  beam  generators 
with  the  power  supply  unit  energy  storage  of  200-500  kJ  were  developed  [6]. 

The  developed  technology  was  successfully  used  to  create  comparatively  simple 
research  X-ray  generators  with  the  energy  storage  of  several  megajoules  based  on  Z-pinches, 
capillary  Z-pinches  etc. 

Based  on  the  obtained  experimental  results  the  authors  developed  the  concept  of  the 
placed  in  a  special  bunker  stationary  facility  powered  by  explosive  magneto-cumulative 
generators  (EMG). 
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INTERRAD  Facility  Project 

Inductive  storages  have  some  certain  advantages  over  the  capacitive  ones.  One  of  the 
superior  properties  is  that  inductive  storages  possess  a  comparative  by  low  inductiveness 
facilitating  the  energy  storaging.  Due  to  this  small  inductiveness  number,  there  may  be 
implemented  the  lay-out  with  the  magnetic  flux  transmission  by  the  cable  line  into  a  series  of 
independent  storages  equipped  with  the  opening  elements.  These  elements  further  commutate 
the  circuit  so  that  the  fluxes  are  summated  and  the  voltage  is  increased.  This  lay-out  is 
implemented  in  the  powerful  inductive  terawatt  X-ray  generator  Project  called  "INTERRAD". 

The  facility  consists  off  the  following  units: 

■  EMG-720  generators  placed  at  the  side  fields; 

■  Energy  transport  cable  line; 

■  Set  of  inductive  storages  (inductors)  with  explosive  plasma  opening  switches; 

■  High-voltage  vacuum  energy  transmission  line; 

■  Vacuum  chamber  of  the  plasma  erosion  opening  switch  (PEGS); 

■  High-current  and  high-voltage  diode; 

■  Radiation  output  vacuum  channels. 

The  INTERRAD  is  represented  in  Fig.  1.  There  were  performed  the  calculations 
modeling  the  processes  of  energy  generation,  transformation  and  delivery  to  the  INTERRAD 
facility  vacuum  diode,  provided  the  MCGs  energy  supply  is  100  MJ.  The  calculation  results  are 
shown  in  Fig.  2. 


Fig.  1  INTERRAD  basic  units  arrangement. 

In  the  calculations  there  were  accounted  the  energy  losses  in  MCGs,  cable  line,  current 
commutation  using  the  plasma  explosive  and  plasma  flow  opening  switches. 
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The  plasma  erosion  opening  switch  (PEGS)  calculations  were  conducted,  following  the 
model  of  the  carbon  plasma  erosion,  taking  into  account  the  electron  component  magnetization 
by  the  current  of  the  storage's  own  magnetic  flux;  as  well  as  its  own  magnetic  field  pressure  on 
the  PEGS  plasma  surface  and  plasma  acceleration  in  the  course  of  powering. 

Primarily,  the  connected  in  parallel  cascade  helical  EMG-720  are  powered  by  the 
stationary  capacitor  bank  with  the  energy  storage  of  1.2  MJ.  The  energy  increased  up  to 
100  MJ  is  fed  to  8  torroidal  inductive  storages  by  the  5  m.  long  cable  line  for  the  characteristic 
time  of  25  ps.  Then,  at  the  plasma  opening  switches'  operation  during  2  ps  the  magnetic  flux  is 
delivered  to  the  vacuum  energy  transport  line  with  the  inductiveness  of  300  nH. 


In  the  2nd  cascade  the  vacuum  inductive  storage  current  is  growing  up  to  the  amplitude 
of  10  MA  and  is  commutated  by  PEGS  to  the  high-voltage  electron  diode  at  the  voltage  of 
10  MV.  In  case  of  the  current  circuit  brake  the  inductive  storage  current  is  reduced  down  to 
5  MA  and  for  100  ns  the  current  is  increased  up  to  4  MA  in  the  high-current  vacuum  diode. 

The  present  INTERRAD  project  of  the  inductive  terawatt  X-ray  generator  demonstrate 
new  capabilities  of  powerful  stationary  electro-physical  facilities.  Moreover,  using  "PIRIT" 
technology,  not  only  traditional  capacitive  storage  lay-outs  may  be  improved  but,-  also,  new 
design  are  possible  to  be  implemented. 

[1] .  A.I.Pavlovskii,  N.F.Popkov  et  al,  "Optimization  Study  for  Characteristics  of  Pulsed  Energy  Sources  with 
Plasma  Switch"  cm.  [4],  pp.208. 

[2] .  A.I.Pavlovskii,  N.F.Popkov  et  al,  "Two-stage  System  for  Short  Current  Pulse  Formation"  in  Megagauss 
Fields  and  Pulsed  Power  Systems,  V.M.Titov  and  G.A.Shvetsov,  Eds.  (Nova  Science  Publishers,  New  York, 
1989),  pp.393. 
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Switch"  CM.  [2],  pp.503. 
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Introduction 

Intense  sources  in  the  spectral  range  of  VUV-  to  SXR-radiation  (A  =  200 . . .  0.05  nm)  are 
used  for  e.g.  micro  lithography  or  X-ray  microscopy.  These  applications  require  intense 
short  radiation  pulses  emitted  in  small  spectral  channels  from  a  spot-like  source. 

For  technical  applications  a  compact  and  transportable  design  in  combination  with  easy 
maintenance  is  also  desired. 

Pinch  plasmas  emitting  intense  line  radiation  in  the  XUV-  and  SXR-range  are  under 
consideration  and  investigated  as  possible  sources.  In  recent  years  in  Diisseldorf  such 
plasma.s  were  created  with  the  high  performance  driver  SPEED  2  operated  in  a  Mather- 
type  plasma  focus  configuration  [1]. 

Set-up  of  SPEED  3 

As  a  step  towards  practical  application  of  pinch  plasmas  the  compact  plasma  focus 
SPEED  3  was  designed.  It  consists  of  a  bifocal  configuration  with  plane  insulators,  a 
very  short  accelerator  and  a  hollow  inner  electrode  (see  fig.  1). 


inner  electrode 
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Eight  parallel  two-stage-marx-modules  are  used  as  drivers.  They  are  arranged  in  a  regular 
octagon  around  the  discharge  chamber  and  determine  the  size  of  the  system  (height 
65  cm,  diameter  130  cm).  These  modules  are  switched  by  fast  triggerd  (50  kV  pulse) 
spark  gaps  with  a  jitter  of  less  than  2  ns  and  connected  by  parallel  plate  transmission 
lines  to  the  outer  electrodes  in  the  discharge  chamber.  Due  to  the  compact  design  and 
therefore  short  transmission  lines  simultaneous  switching  is  crucial  for  symmetric  current 
drive  and  discharge  efficiency. 

Typical  and  maximum  data  of  the  driver  are  shown  in  table  1. 


typ.  max. 

bank  energy: 

5.4 

12.5 

kJ 

bank  voltage: 

66 

100 

kV 

short  circuit  curent: 

0.83 

1.25 

MA 

capacitance: 

2.5 

mF 

inductance: 

16 

nH 

current  rise  time: 

0.3 

US 

current  rise  rate: 

4.2 

6.3 

kA/ns 

jitter  of  spark  gaps: 

<  2 

ns 

Table  1:  Typical  and  maximum  data  of  SPEED  3 


Both  sides  of  the  discharge  chamber  contain  a  plasma  focus  with  an  outer  ring  electrode, 
plane  insulator  and  inner  electrode.  This  set-up  results  in  two  foci  near  both  ends  of  the 
hollow  inner  electrode.  The  hole  reduces  the  plasma  wall  contact  during  the  pinch  phase 
and  therefore  the  erosion  of  electrode  material  and  the  production  of  undesired  hard  X- 
rays.  The  use  of  plane  insulators  keeps  the  system  inductance  low  and  favours  high  current 
efficiency.  Since  high  power  discharges  cause  problems  of  sheath  formation,  a  metal  foil 
was  initially  used  in  order  to  predetermine  the  electric  potential  on  the  insulator  surface. 
The  description  of  the  discharge  history  is  generally  divided  into  three  phases  (see  fig.  1). 
During  the  first  70-100  ns  after  the  triggering  the  plasma  sheaths  are  formed  by  sliding 
discharges  on  the  insulator  surfaces.  Then  the  sheaths  take  off  and  are  accelerated  along 
and  towards  the  axis  by  J  x  B-forces  (second  phase) .  In  the  compression  and  pinch  phase 
hot  plasma  columns  are  formed  at  both  ends  of  the  inner  electrode. 

Diagnostics 

The  electrical  signals  U  and  dl/dt  are  used  to  characterize  the  development  of  the  dis¬ 
charge  and  the  pinch  quality  .  The  current  derivative  is  detected  with  tiny  coils,  placed 
close  to  the  parallel  plate  transmission  lines.  Four  different  positions  for  these  probes  have 
been  used  to  control  the  symmetry  of  the  current  drive.  The  voltage  is  capacitively  di¬ 
vided  and  registered  by  digital  storage  oscilloscope  together  with  various  other  signals,  a 
scintillator-multiplier  combination  detects  hard  X-rays  and  neutrons  (in  discharges  with 
deuterium),  the  pulses  of  which  are  separated  due  to  their  different  time  of  flight.  In 
the  visible  spectral  range  three  framing  cameras  with  10  ns  exposure  time  are  used  at 
radial  and  axial  positions  to  image  the  sheath  shape  and  pinch  formation.  With  a  fast 
photodiode  the  temporal  development  of  the  visible  emission  is  registered. 
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For  the  XUV-  and  SXR-range  a  pinhole  camera  (time  integrating),  a  4-frame  MCP-camera 
(exposure  time  5  ns)  and  a  streak  camera  can  be  used,  if  line  radiation  in  this  spectral 
range  (A  <  20  nm)  is  emitted  from  pinch  plasmas  of  heavy  gases  (e.g.  Ne,  Ar).  Up  to  now 
efficient  pinch  formation  only  takes  place  in  pure  deuterium  or  hydrogen.  Signals  of  an 
efficient  discharge  in  deuterium  and  a  series  of  framing  camera  pictures  of  discharges  in  a 
deuterium- argon  mixture  are  shown  in  figure  2  and  3. 


Figure  2:  Electrical  signals  of  an  efficient  discharge 


Figure  3:  Framing  camera  pictures  (10  ns  exposure) 


-661  - 


Experimental  results 

The  experiments  performed  up  to  now  almost  exclusively  deal  with  discharge  initiation, 
sheath  and  pinch  formation.  The  influence  of  the  insulator  on  sheath  and  pinch  formation 
and  the  discharge  reproducibility  is  known  to  be  of  great  importance.  Efficient  sheath  and 
pinch  formation  is  achieved  using  pure  deuterium  or  hydrogen  as  filling  gases.  As  observed 
in  SPEED  2  small  admixtures  of  heavy  gases  cause  sheath  break-up  and  filamentation. 
In  contrast  to  systems  with  cylindrical  insulators  the  polarity  effect  [2]  is  considerably 
reduced  in  SPEED  3.  The  potential  control  within  the  plane  insulators  has  almost  no 
effect  on  the  sheath  formation  and  was  therefore  replaced  by  a  grounded  copper  plate 
(thickness  10  mm)  separating  both  sides  of  the  set-up.  While  the  sheath  velocities  in 
deuterium  in  axial  and  radial  directions  exceed  1.5  •  10®  m/s,  the  axial  velocity  in  a 
deuterium-argon  mixture  is  reduced  by  a  factor  of  3. 

A  pinch  of  about  1.5  cm  in  length  is  formed  on  both  ends  of  the  inner  electrode.  The  time 
difference  of  about  40  ns  between  the  maximum  compression  of  the  two  pinches  is  caused 
by  a  slower  sheath  formation  in  that  part,  where  the  outer  electrode  is  positive  (polarity 
effect).  Up  to  now  the  complete  sheath  detachment  inside  of  the  hollow  inner  electrode 
during  the  pinch  phase  was  not  observed. 

Special  attention  was  put  on  the  influence  of  the  insulator  surface.  Efficient  pinch  forma¬ 
tion  with  new  and  unconditioned  glass  insulators  was  achieved  after  a  few  cleaning  dis¬ 
charges.  But  after  about  15  efficient  discharges  the  insulator  surfaces  show  severe  damages 
(microscopic  cracks)  preventing  further  proper  sheath  formation.  The  deposition  of  cop¬ 
per  cristallites  onto  the  surface  known  as  a  sign  of  a  well  conditioned  surface  does  almost 
not  take  place.  First  tests  with  A^Os-coated  (thin  layer:  300  nm,  sputtered)  insulators 
reveal  an  improved  behaviour,  though  the  coating  is  damaged  within  a  few  discharges. 

Outlook 

The  grounded  mid-plate  enables  two  new  measures;  Heavy  gases  can  be  injected  through 
a  small  channel  directly  into  the  pinch  region.  This  could  avoid  the  problems  already 
observed  with  static  admixtures.  In  two  additional  thin  tubes  micro-pickup  coils  can  be 
inserted  in  the  inner  electrode  to  detect  the  current  and  a  sheath  detachment. 

The  conditioning  problem  of  glass  unsulators  is  presumably  overcome  by  alumina  coating 
or  by  using  pure  alumina  discs.  This  material  is  superior  to  glass  insulators  especially 
in  high  power  experiments  with  respect  to  sheath  formation  and  reproducibility  of  the 
discharges. 
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INTRODUCTION 


The  effective  use  of  capacitor  storages  with  store  more  than  1  MJ  as 
plasma  load  driver  is  possible  to  use  devices  of  formation  of  a  rapidly  increasing 
current  pulses.  To  them  plasma  opening  switches  [1]  concern.  By  use  such 
opening  switches  of  current  pulses  in  a  microsecond  range  of  powering  duration 
the  drift  of  plasma  to  the  load  very  strongly  grows.  It  results  in  low  density  of  a 
switch  current  and  to  increase  of  installation  dimensions  [2].  The  group  of  the 
Phillips  laboratory  researchers  used  the  plasma  flow  switch  for  switching 
megaampere  currents  with  high  magnetic  field  magnitudes  on  installation 
SHIVA-STAR  [3].  The  duration  of  a  closed  condition  of  the  plasma  flow  switch 
reaches  3-5  ps. 

During  of  the  capacitor  store  discharge  on  PFD  plasma  shell  it  is 
accelerated  in  the  load.  When  PFD  is  moving  with  large  speed  about  edge 
central  coaxial  phase  of  sharp  switching  on  the  load  comes.  The  authors 
investigated  the  plasma  flow  switch  of  a  current  on  facility  PIRIT-2000  at 
currents  about  5  MA  and  powering  duration  about  1.5  ps.  Plasma  erosion  switch 
with  linear  density  of  a  current  about  10  kA/cm  was  used  earlier  for  the 
formation  of  facility  current. 


Fig.  1.  The  Scheme  of  "PIRIT-2000" 
Arrangement. 


1.  PIRIT-2000  FACILITY 

PIRIT-2000  [4]  is  a  fast  operating 
capacitor  bank  having  the  capacitance 
of  17  pF  and  the  output  voltage  up  to 
500  kV.  It  is  comprised  by  54  standard 
capacitive  modules  of  40  kJ  each, 
connected  by  semi-rigid  high  voltage 
cable  KVI-500  introduced  into  the 
vacuum  chamber  where  the  load  is 
embedded.  Total  energy  stored  in  the 
capacitive  storage  reaches  2  MJ.  Fig.  1 
shows  the  facility  set-up.  PIRIT-2000 
consists  of  following  functional  systems: 
initial  module  energy  capacitive  storage 
1,  high  voltage  cable  line  2,  vacuum 
chamber  with  cable  collector  3  and  load 
5.  In  the  current  experiments  the  load  is 
of  the  coaxial  gun  for  PFD  powering  in 


vacuum.  PIRIT’s  initial  capacitive  store  possesses  the  inductance  of  15  nH  and  is 
comprised  by  54  modules  being  the  pulsed  voltage  generators  [5].  The  module's 
shock  capacitance  is  0.32  pF,  inductance  -  0.75  pH  and  the  output  voltage  -  up 
to  500  kV.  The  cable  collector  feeds  an  energy  vacuum  into  the  vacuum  volume 


through  the  lower  plane  of  the  chamber.  The  collector  is  formed  by  the  high 
voltage  vacuum  termination  of  each  KVI-500  cable.  For  the  powering  of  plasma 
guns  generating  PFD  plasma,  the  bank  of  8  pF,  100  kV  is  used. 
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The  internal  diameter  of  the  external  tube  of  the  PFD  chamber  is  20.6 
cm  and  vacuum  gap  between  the  external  and  internal  vessels  is  3  cm.  For 
obtaining  of  the  initial  plasma  PFD  at  the  external  tube,  there  are  uniformly 
installed  40  plasma  guns.  The  track  of  the  PFD  acceleration  was  chosen  to  be  20 
cm  long  from  the  plasma  gun  location.  In  this  place  there  are  located  eight 
copper  blades  short  -  circuiting  the  load  electrodes.  At  the  external  tube  of  the 
coaxial  chamber  there  are  deployed  magnetic  probes  and  optical  sensors 
registering  the  PFD  light  and  magnetic  field  distribution  both  in  time  and  along 
the  plasma  acceleration  track.  Along  one  line  there  are  installed  from  4  to  8 
magnetic  field  and  optic  sensors. 


Fig.  2.  Schematic  Design  of  Coaxial  Plasma  Chamber  for 
Powering  of  PFD. 


2.  EXPERIMENTAL  DIAGNOSTIC 

For  studying  magnetic  field  distribution,  shell's  velocity  in  the  process  of 
PFD  acceleration,  its  initial  parameters  we  employed  the  following  methods; 
point  magnetic  probes;  fiber  -  optical  sensors  with  the  multi  -  channel 
registration  system;  Langmuir  unitary  probes;  Faraday  collimated  cylinders  for 
ion  plasma  current  registration;  as  well  as  sectioned  Rogovsky  coils. 


PC  AT286 
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• 
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• 
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Streak  Camera 

Optic  Fiber 

Fig.  3.  Measurement  Lay  Out  When  Applying  Optical  Method. 


Probes  were  situated  in  the  holes  in  the  external  coaxial  tube,  protruding 
6  mm  inside  the  discharge  gap  of  the  coaxial  chamber.  To  define  the  liner  flying 
velocity  there  was  employed  the  method  of  measuring  the  time  interval 
between  the  light  flashes.  The  experimental  lay  out  was  chosen  based  on  the 
assumption  that  during  the  current  shell  passing  the  light  registrator,  there 
would  be  recorded  a  considerable  increase  of  the  radiation  brightness  in 
comparison  with  the  background.  The  measurement  lay  out  is  shown  in  Fig.  3. 
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Concentration  of  plasma  injected  into  the  coaxial  plasma  chamber  gap  was 
determined,  using  Langmuir  probes.  The  value  of  plasma  density  at  the  cathode 
made  ne=6  10  cm“2  in  2.5  ps  after  the  injection. 

3.  EXPERIMENTAL  RESULTS 

In  our  experiments  the  PFD  plasma  is  generated  as  a  result  of  operation 
of  40  plasma  guns  powered  from  a  separate  capacitor  bank.  The  working 
energy  resource  of  the  facility  being  equal  to  1-2  MJ  and  voltage  of  the 
capacitive  storage  being  high,  the  load  current  rise  period  is  provided  to  be  not 
less  than  1.5  ps.  According  to  preliminary  1-D  simulations,  to  provide  for  the 
acceleration  trace  of  10-20  cm  be  covered  for  1-1.5  ps,  the  shell  mass  should  be 
in  the  range  of  1-5  mg.  The  drawback  of  PFD  plasma  production,  using  plasma 
guns,  is  the  considerable  initial  thickness  of  the  annular  shell  along  the  axis  of 
the  coaxial  chamber.  It  may  reach  5-10  cm,  depending  on  the  delay  between 
the  guns'  battery  operation  and  that  of  the  capacitive  storage  of  PIRIT-2000 
facility.  The  facility  configuration,  allowed  for  obtaining  in  the  load  of  the 
maximum  current  of  5.8  MA  during  1.5  ps  without  plasma  gun's  operation. 
Two-ten  ps  after  the  operation  of  plasma  guns  the  capacitive  storage  of  PIRIT- 
2000  facility  was  initiated.  At  the  time  less  than  2  ps  the  formation  of  PFD  was 
not  observed. 

Main  working  pulses  were 
obtained  when  the  delay  was  4-6 
ps.  In  Fig.  4  there  are  shown  the 
signals  of  magnetic  probes 
installed  on  the  track  of  PFD 
plasma  acceleration,  as  well  as 
those  from  the  current  sensors 
situated  at  the  disk  line  output 
and  upstream  the  plasma  guns. 
Signals  of  magnetic  field  sensors 
showed  that  the  current  shell  had 
quite  a  considerable  thickness..  It 
0  0.2  0.4  0.6  0.8  i.o  1.2  1.4  1.6  1.8  2  makes  3  cm  at  distance  6  cm,  2 

cm  -  for  probe  INTg  3,  and  is 
Fig.  4.  Disk  Line  Current  Pulses  and  reduced  up  to  1.5  cm  -  for  probe 

Magnetic  Field  Probe's  Signals.  4-  The  latter  was  positioned  at 

the  distance  of  12  cm  from  the 
place  of  plasma  injection  and  registered  the  (0.1-0.9)  rise  time  tj.  less  than  100 
ns.  The  distance  between  probes  3  and  4  was  covered  by  the  current  shell  for 
200  ns,  the  corresponding  average  velocity  being  20  cm/ps.  Though,  the  signals 
of  all  the  sensors  showed  a  slow  rise  up  to  0.1  U  for  the  time  (2-3)tj..  This  proves 
that  magnetic  field  penetrates  quite  far  through  plasma  (for  5  and  even  10  cm), 
at  least  at  the  anode  of  the  coaxial  load. 

In  Fig.  5  there  is  given  the  photo  of  the  glow  of  the  light  guides  used  for 
determination  of  the  movement  velocity  of  the  glowing  PFD  plasma  current 
layer.  Generally,  the  picture  registered  allows  to  derive  the  velocity  number. 
This  makes  20-30  cm/ps  at  the  distance  between  optical  sensors  3  and  4, 
though  with  the  accuracy  of  about  50%.  It  was  unexpected  that  the  light  pulse 
rise  time  proved  to  be  2-5  times  more  than  that  of  the  appropriate  magnetic 
probe  signal.  Possibly,  the  glow  is  connected  with  either  a  deep  penetrating 
current  channel  carrying  up  to  10%  of  the  circuit  current  for  reflection  of  the 
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light  radiation  of  the  main  current  channel  from  plasma  shell  (in  case  of 
"nontransparant"  plasma). 

Another  unexpected  behavior  of  the  light  pulses  lies  in  the  prolonged 
glow  of  plasma  after  passing  of  the  glowing  shell.  In  this  moment  magnetic 
probes  show  a  full  current  transmission  to  the  direction  of  the  load  (within  the 
limits  of  error  probable),  but  the  plasma  glow  remains.  Magnetic  field  in  the  gap 
between  the  coaxial  chamber  electrodes  reaches  150  kOe  at  the  maximum 
current.  This  is  enough  to  magnetize  electrons.  So,  most  probably,  the  glow  is 
caused  by  near  wall  plasma  (both  on  the  cathode  and  anode). 

The  experiments  proved 
that,  varying  the  operation  delay 
in  the  range  of  2-10  ps,  the  PFD 
load  current  rise  time  increases 
up  to  150-200  ns,  if  the  delay  is 
more  than  6  ps,  the  prepulse 
increment  being  the  most  intense. 
The  same  result  was  obtained 
earlier,  when  researching  plasma 
opening  switches  [2].  Reduction  of 
the  delay  from  6  to  2  ps  leads  to 
the  less  current  in  the  coaxial 
does  not  change,  but  the  prepulse 

CONCLUSION 

In  the  experiments  was  used  plasma  flow  discharge  for  formation  of  a 
pulse  of  a  current  of  installation  PIRIT  -  2000.  PFD  current  amplitude  reached 
5  MA  at  the  level  of  Marx  generator's  charging  voltage  of  70  kV.  Load  current 
rise  time  reached  100  ns,  the  load  being  in  all  the  experiments  short-circuited 
and  situated  at  the  distance  of  20  cm  from  plasma  guns.  Magnetic  field 
magnitude  of  the  plasma  switch  150  kOe  is  achieved,  that  15  times  is  higher, 
than  for  plasma  erosion  switch  [2].  In  the  experiments  there  were  employed 
two  methods:  magnetic  probes  positioned  on  the  track  of  PFD  propagation  and 
the  optical  method  facilitating  PFD  light  registration  through  the  row  of  holes 
in  the  external  electrode  of  the  coaxial  working  chamber.  Data  retrieved,  using 
magnetic  probes  helped  to  derive  the  PFD  current  shell  propagation  velocity 
(up  to  20±5  cm/ps)  at  the  distance  of  12  cm  on  its  way  to  the  load.  The  optical 
method  facilitated  determination  of  the  velocity  of  the  current  shell  glow  front. 
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plasma  chamber.  Load  current  rise  time 
duration  drops  down  up  to  the  rise  time. 
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INTRODUCTION 

Other  the  past  several  years  abroad  program  of  research  on  the  plasma 
physics  of  high-energy  densities  has  been  conducted  at  VNIIEF.  Some  facilities 
were  designed  with  a  wide  range  of  achievable  currents  and  various  storage 
energies  to  allow  the  study  of  a  wide  class  of  physical  processes  in  plasma 
switches  and  plasma  irradiating  discharges  and  to  improve  measurement 
techniques. 

The  results  of  experiments  with  PIRIT-2000  on  the  investigation  of  a 
plasma  pulsed  X-ray  source  are  presented  here  [1,  2].  The  facility  is  designed  on 
the  basis  of  the  scheme  with  a  primary  module  capacitive  energy  storage 
feeding  a  vacuum  inductive  storage.  The  formation  of  a  rapidly  increasing 
current  pulse  and  its  commutation  on  a  load  are  executed  by  a  plasma  opening 
switch.  The  possibility  of  using  vacuum  diodes  and  different  types  of  plasma 
loads  for  the  generation  of  high-power  X-ray  radiation  fluxes  exists. 


FIG.  1  The  scheme  of  PIRIT-2000  arrangement. 

1.  FACILITY  DESCRIPTION 

The  facility  PIRIT-2000  refers  to  the  class  of  machines  with  inductive 
capacitive  storage  of  energy  and  its  space-time  formation.  The  arrangement  of 
this  facility  is  presented  in  Fig  1.  A  vacuum  chamber  is  placed  in  the  center  and 
the  modules  of  primary  energy  storage  are  arranged  around  it  in  three  stories. 
The  primary  storage  with  maximum  energy  store  up  to  2  MJ  consists  of  54 
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modules;  its  inductance  is  13  nH.  The  GIN-500  pulsed  voltage  generator  as  a 
storage  module  is  a  0.75  pH,  0.32  pF  five-stage  Marx  generator  that  stores  up  to 
40  kJ  at  100  kV  charge  to  deliver  up  to  200  kA  in  1-1.3  ps  to  a  load  [3]. 

Each  pulsed  voltage  generator  is  connected  to  the  collector  of  the 
inductive  storage  by  a  KVI-500  high  voltage,  high  current  cable.  The 
inductance  of  the  facility  cable  line  is  5  nH. 

The  inductive  storage  is  a  vacuum  disc  line  with  the  inductance  of  15  nH, 
composed  of  a  high  voltage  disc  electrode  3  m  in  diameter  and  a  grounded 
vacuum  chamber  body.  The  energy  supply  is  executed  through  the  lower 
chamber  plane  by  a  vacuum  cable  collector.  The  facility  collector  is  formed  of  a 
high-voltage  vacuum  termination  of  each  KVI-500  cable.  On  a  higher  level  of 
the  chamber  there  are  axially  arranged  up  to  120  plasma  injectors  connected  by 
coaxial  cables  up  to  three  GIT- 100  pulsed  current  generators  (each  is  40  kJ,  100 
kV  capacitor  bank).  The  plasma  injector  is  made  by  terminating  a  piece  of 
semirigid  coaxial  cable  with  flush  the  center  conductor  [2] 

2.  RESULTS  OF  INVESTIGATIONS  ON  CURRENT  PULSE  FORMATION 

The  investigations  were  carried  out  sequentially  on  the  facilities  of  18,  36 
and  54  modules.  First,  the  characteristics  of  the  plasma  opening  switch  of  the 
facilities  when  they  take  inductive  and  ohmic  loads  were  investigated  [2].  The 
formation  of  the  inductively  stored  current  pulse  on  PIRIT  facilities  with  the 
help  of  a  plasma  switch  was  investigated  for  storage  energies  of  40,  120,  320  kJ 
and  1,  2  MJ.  The  current  pulse  amplitude  of  the  inductive  storage  varied  from 
200  kA  up  to  10  MA,  the  intensity  of  the  electric  field  from  50  to  150  kV/cm 
and  the  magnetic  field  amplitude  from  5  to  30  kA/cm. 


FIG.  2  Characteristic  current  pulses  of  PIRIT-2000 


On  a  one-module  facility  the  current  rise  time  for  the  inductive  load  was 
as  high  as  20  ns;  i.e.,  50-fold  pulse  sharpening  took  place.  When  using  the  second 
stage  of  the  plasma  opening  switch  we  managed  to  reduce  the  current-rise  time 
to  10  ns.  When  the  vacuum  diode  was  used  as  a  load,  the  voltage  amplitude  of 
the  pulse  obtained  was  2  MV  and  the  beam  current  was  150  kA;  i.e.,  the  4-fold 
increase  of  voltage  over  the  generator  (GIN-500)  voltage  was  achieved.  With 
the  help  of  a  plasma  opening  switch,  a  current  of  5  MA  amplitude,  150  ns  front 
and  10  TW  power  was  formed  in  the  inductive  load  from  the  primary  current 
pulse  with  the  amplitude  of  7  MA  (T/4=1.3  ps)  on  the  facility  PIRIT-2000 
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(Fig.  2).  Vacuum  and  plasma  diodes  as  well  as  plasma  Z-discharges  are  used  in 
PIRIT  facilities  as  irradiating  loads. 

3.  EXPERIMENTS  WITH  PLASMA  DIODE  ON  PIRIT-2000  FACILITY 

The  experiments  on  X-ray  radiation  generation  with  maximum  storage 
energy  up  to  1  MJ  and  load  current  up  to  5  MA  were  carried  out  with  plasma 
load  on  the  facility  PIRIT-2000.  The  cathode  diameter  was  15  cm  and  the 
anode-cathode  gap  -  5  cm.  The  cathode  was  made  of  a  thin-walled  tube,  its  end 
being  closed  by  a  metallic  grid.  Six  plasma  guns,  injecting  plasma  to  the  cathode 
are  placed  on  the  anode. 

The  X-ray  dose  measurement  was  executed  with  the  help  of 
thermoluminescent  dosimeters.  Registration  of  X-ray  radiation  in  a  wide 
spectral  range  was  implemented  with  the  help  of  PIN-diodes  and  X-ray  diodes. 
The  integral  radiation  output  of  plasma  loads  was  measured  by  a  thermocouple 
foil  calorimeter  [4].  To  determine  the  electron  temperature  of  plasma  we  used 
the  method  of  absorbing  filters  in  the  region  of  soft  X-ray  radiation.  In  the 
course  of  experiments  the  operation  modes  of  plasma  diode  were  studied  by 
means  of  changing  the  parameter  of  plasma,  injected  into  the  diode. 


Time 


FIG.  3  Diode  current  and  the  X-ray  pulse  for  PIRIT-2000. 

The  current  amplitude  in  the  load  was  4  MA,  with  a  rise  time  of  150  ns. 
The  peak  integral  output  of  X-radiation  energy,  measured  by  an  open 
thermocouple  calorimeter,  was  as  high  as  100  kJ  with  an  energy  storage  of  1 
MJ.  Figure  3  presents  the  current  pulses  of  plasma  load  as  well  as  the  signal 
from  the  X-ray  detector.  The  measurements  by  the  thermocouple  calorimeter 
behind  the  filters  of  10  pm  A1  and  10  pm  Ni  give  40  kJ  and  10  kJ  absorbed  X- 
ray  energy;  this  makes  it  possible  to  judge  on  the  spectrum  of  the  X-ray 
radiation.  Figure  4  shows  a  typical  spectrum  roughly  unfolded  from  X-ray  diode 
data  with  different  filters. 
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FIG.  4  X-ray  spectrum  unfolded  from  an  array  of  filtered  X-ray  diode 

detectors. 

CONCLUSION 

The  results  of  experiments  on  a  plasma  X-radiation  source  in  the 
PIRIT-2000  facility  are  presented  in  this  paper.  The  facility  is  designed  with 
module  capacitive  energy  storage,  energizing  a  vacuum  inductive  storage.  The 
formation  of  a  rapidly  growing  current  pulse  as  well  as  its  commutation  on  a 
load  was  carried  out  by  a  plasma  opening  switch.  A  vacuum  diode  as  well  as 
various  types  of  plasma  loads  can  be  used  for  the  generation  of  a  high-power 
X-ray  flux.  The  energy  store  of  a  primary  54  modules  capacitive  storage  is  up 
to  2  MJ,  its  inductance  is  15  nH  and  its  output  voltage  is  500  kV.  The  current 
amplitude  in  the  plasma  load  was  4  MA  with  the  150  ns  rise  time. 

The  maximum  integral  energy  output  of  X-ray  radiation,  measured  by  an 
open  thermocouple  calorimeter,  was  as  high  as  100  kJ,  while  the  storage  energy 
was  1  MJ.  The  plasma  load  usage  at  the  4  MA  current  ensured  the  100  kJ 
generation  in  X-ray  radiation  and  the  density  of  the  X-ray  radiation  flux  at  a 
distance  of  1  m  from  the  source  was  as  much  as  0.8  J/cm^,  while  near  the 
source  it  was  10  J/cm^.  The  PIRIT  facilities  can  be  applied  for  different 
radiation  technologies,  namely  sterilization.  X-ray  lithography  and  chemical 
production. 
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Abstract 

One  of  the  important  problems  to  be  solved  in  development  of  the  intense  soui'ce  of  flash  X-rays  is  a 
choice  of  the  optimum  constmctioii  of  a  high-current  diode  at  the  exit  of  an  electron  accelerator. 

In  this  report,  the  results  of  numerical  investigations  of  megaamper  relativistic  electron  beam  (REB)  ge¬ 
neration  and  focusing  in  a  compound  diode  are  discussed.  The  diode  consists  of  a  vacuum  field-emission  annu¬ 
lar  cathode,  a  planar  anode  and  a  gas  cell  inserted  between  the  anode  foil  and  a  target. 

Introduction 

Use  of  high-current  REB  with  electi'on  energy  limited  by  1  MeV  is  one  of  the  most  preferable  ways  to 
generate  intense  flash  of  hard  Roentgen  radiation  (HRR).  When  solving  this  problem,  it  is  necessary  to  study 
some  features  of  REB  generation  and  focusing  with  the  following  parameters: 
peak  beam  current,  =  1  MA; 
electron  energy,  E^  =  0.5. ..0.7  MeV; 
pulse  dm'ation,  t^  =  50...  100  ns. 

For  these  REB  parameters,  its  own  electromagnetic  field  significantly  influence  on  electron  trajectories 
in  the  diode  region.  Therefore,  a  possible  way  to  control  REB  transport  in  the  diode  and,  consequently,  to  ob¬ 
tain  an  optimal  radial  and  angular  distribution  of  electron  flow  at  the  target  (converter)  is  bound  up  with  stu¬ 
dying  the  utilization  of  REB  intrinsic  fields. 

The  interaction  of  focused  REB  with  the  tai'get  damaged  by  thermal  ex'plosion  has  been  examined  in 
refs.  [1,2].  The  magnetic  stopping  of  REB  in  the  target  leads  to  decreasing  the  optimal  thickness  of  the  target 
and  increasing  the  HRR  output  unlike  of  the  case  of  "cold"  target. 

In  ref.[3],  a  construction  of  the  diode  having  an  additional  grounded  foil  between  the  cathode  and  the 
anode  has  been  considered.  This  constmction  allows  to  focus  megaamper  electron  beam  with  electron  ener¬ 
gy  of  1  MeV  on  a  small  region  at  the  central  axis.  However,  when  electron  energy  decreases  up  to 
0.5. ..0.7  MeV,  the  focusing  efficiency  of  beam  within  this  arrangement  falls  because  the  operation  mode  of 
the  diode  becomes  similar  to  that  of  a  reflex  triode.  Therefore,  there  is  need  to  provide  effective  charge  ne¬ 
utralization  of  the  beam  in  the  focusing  region.  This  problem  can  be  solved  by  employing  a  drift  chamber 
filled  in  with  neutral  gas  and  inserted  between  the  anode  and  the  target. 

Possibihties  of  using  a  gas  cell  for  transport  and  focusing  of  REB  with  electron  energy  of  20  MeV 
were  discussed  in  reports  [4,5].  The  present  work  deals  with  studying  the  focusing  of  weakly  relativistic 
electron  beam  with  megaamper  cuiTent  on  a  gas  cell  to  generate  intense  flash  of  HRR. 
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Modeling 

At  present,  the  following  physical  model  of  electron  beam  penetration  into  neutral  gas  is  generally  ac¬ 
cepted.  REB  injected  into  a  gas  cell  rapidly  ionizes  molecules  of  gas,  creating  the  highly  coUisional  plasma 
that  composes  of  mobile  electrons  and  immobile  ions.  In  process  of  redistribution  of  plasma  particle  charge, 
the  beam  neutralization  is  reached  for  the  timetl=(4r?^‘\  where  ^  is  the  plasma  conductivity.  Furthermore, 
when  the  beam  propagates  through  the  plasma,  it  induces  electromagnetic  fields  that  resulted  in  generating 
plasma  reverse  current  Ip  and  hence  to  full  or  partial  current  neutralization  of  the  beam.  Since  the  plasma  re¬ 
verse  current  damps  during  the  magnetic  decay  time 

47r6R^ 


Tm  — _  . 

(where  R  is  the  radius  of  a  plasma  channel,  c  is  the  light  velocity),  it  becomes  possible  to  transport  the  beams 
with  the  current  greater  than  the  Alfven  one  up  to  a  significant  distance. 

Obviously,  the  dynamics  of  REB  injected  into  gas  has  complicated  dependence  on  many  factors  and  de- 

fys  simple  analytic  description. 

More  accurately  the  influence  of  different  characteristics  of  REB  and  a  gas  cell  on  beam  dynamics  in  gas 
has  been  studied  using  numerical  simulation  of  beam  transport  through  a  gas  cell  by  particle-in-cell  method. 

Admitting  the  axial  symmetry  availability,  the  equations  of  electron  motion  in  the  gas  cell  are  written  in 
the  form: 
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where  e  and  m  are  the  charge  and  the  rest  mass  of  electron,  respectively,  and  are  the  components  of 
momentum. 

Induced  electric  and  magnetic  fields  are  defined  by  solving  the  Maxwell  ecpiation  system; 
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ies  of  electrons  in  a  gas  cell  (N2) 
T  for  beam  parameter 


1 


where  and  components  of  beam  current 

Presenting  the  current  pulse  Ij,(t),  injected  into  the  gas  cell,  in  the  form  of  a  certain  number  of  macro¬ 
particles,  we  then  integrate  numerically  equations  (1,  2)  over  a  chosen  time  and  space  grid.  The  gas  conducti¬ 
vity  variation  with  time  is  defined  by  numerical  integration  of  the  equation 

d6 

- =  kjb  +  n6  -  cc6^,  where  k=2>KlO’^  (in  CGS  units),  a.n  are 

dt 

the  kinetic  coefficients,  depending  on  gas  consistency. 

A  series  of  transport  calculations  for  the  annular  RED  with  peak  current  =  1  MA,  electron  energy  of 
0.5. ..0.7  Mev,  pulse  duration  of  50  ns,  initial  radius  of  beam  r^  =  0.2  m,  injected  into  the  gas  ceU  with  gas 
pressure  of  10'*  to  10^  Torr  has  been  carried  out.  The  obtained  results  show  that  at  optimal  pressure  =  1  Torr, 
electron  trajectories  in  the  ceU  are  similar  to  baUistic  ones  (Fig.  1).  Maximum  conductivity  reaches  10 
s'\  The  main  part  of  REB  energy,  as  calculated,  is  focused  on  a  hmited  region  at  the  central  axis  with  a  radi¬ 
us  of  2...3  cm.  In  Fig.2  the  dependence  of  net  current  in  the  gas  ceU  on  gas  pressure  is  also  presented. 

As  the  modehng  shows,  due  to  high  conductivity  of  plasma  in  the  gas  ceU  during  the  transport  of  the 
REB's  main  part,  a  plasma  compact  channel  is  formed  where  the  beam  with  its  magnetic  field  is  frozen.  The 
electrons,  deviating  from  a  certain  mean  trajectory,  perform  relatively  smaU  osciUations.  about  this  trajectory. 

Summary 

As  the  results  of  the  modehng  show,  under  optimum  conditions  in  a  gas  ceU  inserted  between  the  anode 
of  a  high-current  diode  and  the  target-converter,  the  annular  megaamper  REB  with  the  initial  radius  Tq  =  0.2 
m  is  focused  on  a  smaU  area  of  the  target  (r  =  2.. .3  cm)  without  significant  losses  of  the  total  beam  energy. 
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Abstract 

The  results  of  experimental  and  theoretical  optimization  of  the  linear  induction  accelerator  (LIA)  cons¬ 
truction  are  presented.  The  major  aim  of  these  investigations  was  to  maximize  the  bremsstrahlung  output  near 
the  target  face. 

The  work  was  carried  out  in  two  stages: 

1)  modernization  of  the  injector  module  and 

2)  focusing  of  relativistic  electron  beam  (REB)  produced  at  the  exit  of  the  accelerating  system  (AS)  in 
the  increasing  axial  magnetic  field. 

Besides,  the  methods  of  diagnostics  of  angular  and  energetic  parameters  of  REB  based  on  measurements 
of  radiation  dose  fields  behind  the  target  are  described. 

Introduction 

The  high  current  electron  accelerator  LIA- 10  is  a  linear  induction  accelerator  in  radial  lines  with  suc¬ 
cessive  sectional  structure  of  the  accelerating  system.  A  detail  description  of  its  construction  is  given  in  refe¬ 
rences  [IJ.^  [31.  The  accelerator  of  this  type  is  used  in  RISI  for  generation  of  intense  pulses  of  bremsstrahlung. 
At  present  time  the  following  accelerator's  parameters  are  realized: 

-  peak  current  of  REB,  =  30  kA; 

-  effective  electron  energy,  -  10  MeV; 

-  FWHM,  ti/2  =  10  ns 

-  peak  dose  rate,  =  10^^  rad(Si)/s  . 

Lately,  complex  investigations  bound  up  with  optimization  of  the  LIA- 10  construction  have  been  carri¬ 
ed  out  with  the  aim  of  increasing  the  generated  bremsstrahlung  output.  In  this  paper,  the  results  of  the  optimi¬ 
zation  of  the  accelerator  injector  are  presented. 

According  to  the  original  design  of  LIA- 10,  its  injector  consists  of  4  separate  sections  of  inductors  (ac¬ 
celerating  modules).  The  voltage  induced  by  accelerating  modules  (AM's)  is  sununed  at  a  tapered  cathode.  A 
thin  annular  electron  beam  is  generated  in  the  foiless  diod  (Fig.l)  with  magnetic  isolation  in  axial  field.  The 
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beam  is  then  accelerated  as  it  propagates  through  the  12  AM’s  operating  during  the  pulse  generation  in  consis- 
tance  with  a  chosen  temporal  programme.  A  peak  current  of  REB  at  the  exit  of  the  injector  is  40  kA  with  an 
electron  energy  being  2.5  MeV. 

The  main  purpose  of  this  study  is  to  investigate  the  possibilities  of  increasing  the  energy  and  current 
of  REB  injected  into  AS  for  decreasing  the  losses  of  REB  in  AS  and  increasing  the  bremsstrahlxmg  ou^ut.  So¬ 
me  of  the  problems  in  optimization  of  the  injector  construction  can  be  solved,  including  a  choice  of  catho¬ 
de-anode  gap  geometry  at  the  exit  of  the  injector  and  an  optimum  number  of  AM’s  in  the  injector;  dynamics 
of  beam  generation  in  the  injector’s  diode  and  timed  operation  sequence  of  the  AM’s  forming  the  injector  and 
the  LIA-10  AS. 


Numerical  Simulation  and  Experimental  Results 

Because  numerical  simulation  must  be  followed  by  experiments,  a  simple  calculation  model  of  high 
current  REB  generation  in  the  accelerator  injector  has  been  developed.  Let's  consider  an  ideal  geometry  of  an 
injector  used  in  the  modeling  (See  Fig.l).  The  voltage  induced  by  AM’s  is  summed  by  the  tapered  cathode  and 
applied  to  the  cathode-anode  gap.  While  separate  AM  induces  an  accelerating  voltage  pulse  Vo(t)  ,  then  an 
electric  field  strength  E^^'\z,t)  induced  by  i-th  AM  can  be  expressed  as: 

E,(l)(Z.t)=Vo(t)/lo.  Zi<Z<Zi,i  (1) 

Zi+i=2i+lo.  lo=0-4  m 

A  shape  of  the  accelerating  voltage  pulse  was  determined  by  using  special  experiments. 

For  the  mathematical  description  of  temporal  behavior  of  current  and  voltage  pulses  in  the  injector  dio¬ 
de,  so  called  telegraph  equations  were  used: 
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where  J(z,t)  is  the  current,  running  through  the  tapered  cathode,  L*,  R*,  C*  are  the  self-induction,  resistance 
and  capacity  per  unit  length  of  cathode,  respectively;  Ej„j(z,t)  is  the  electric  field  strength  induced  by  the  in- 
jector  forming  AM’s  (1). 

Boundary  conditions  for  equation  set  (2)  at  the  cathode  tip  taking  into  account  the  operating 

features  of  the  cathode  under  explosion  emission  conditions,  can  be  described  as  follows: 


J(LK,t)=0.  Ec<Etj, 

6J  (3) 

-  =0,  Ec>Etn 

6z  z=Li^ 

where  E^  is  the  macroscopic  electric  field  strength  near  the  cathode  tip.  E^^  is  the  starting  threshold  of  tht 


electron  explosion  emission  from  the  cathode. 

By  solving  the  equation  set  (2)  at  the  boundary  conditions  (3),  we  obtain  distribution  J(z,t)  in  the  cat¬ 
hode  length.  A  voltage  applied  to  the  diode  gap  is  estimated  from: 
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A  magnitude  of  was  only  one  of  unknown  parameters  of  the  calculation  model.  Its  value  was  obta-* 
ined  by  comparison  of  experimental  and  calculation  results  on  REB  current  amplitude  and  a  value  of  temporal 
shift  of  voltage  and  current  pulses  at  the  exit  of  the  4  AM's  injector  (original  version  of  LIA-10).  The  optimal 
value  (E^j^=800  kV/cm)  agrees  quite  well  with  known  experimental  results  obtained  for  explosion  cathodes  [4]. 

Using  the  above  model,  complex  of  calculations  to  optimize  parameters  of  the  modified  LIA-lO's  injec¬ 
tor  was  performed.  Typical  shapes  of  current  and  voltage  pulses  at  the  exit  of  the  injector  are  presented  in  Fi¬ 


gure  2. 

The  additional  calculation  of  REB  propagation  through  AS  showed  that  the  following  REB  parameters 
at  the  exit  of  AS  are  realized:  peak  current  1^3^^= 120  kA,  electron  energy  E^=10  MeV,  FWHM  tj/2=10  ns, 
beam  mean  radius  t^=^5  cm.  After  REB  focusing  in  the  increasing  axial  magnetic  field  T),  a  magnitude 
of  peak  dose  rate  at  the  face  of  the  target  reaches  5*10^^  rad(Si)/s. 

To  control  additionally  the  AS  operation,  a  method  for  determination  of  electron  energy  (E^)  as  weU  as 
angle  of  electron  incidence  on  the  target  (-0^)  has  been  developed.  The  method  is  based  on  measuring  the  cha¬ 
racteristics  of  dose  field  downstream  the  target.  It  was  shown,  using  Monte  Carlo  electron  -photon  transport 
code,  that  the  relative  dose  profile  at  the  central  or  displaced  ('-15...20  cm)  axis  of  REB  weakly  dependes  on 
electron  energy  and  is  defined  only  by  an  angle  Q^.  While  knowing  0^,  electron  energy  is  estimated  from 
comparison  of  calculated  and  experimental  dose  values  related  to  a  single  electron  at  a  certain  point  downstre¬ 
am  the  target. 

Using  integral  thermoluminescent  dosimeters  (LiF,  CaF2),  we  obtain  mean  values  (0^)  and  (E^)  for  a 
REB  pulse.  On  the  other  hand,  by  employing  dynamical  detertors,  it  is  possible  to  get  distributions  ©^(t)  and 
E^(t)  during  the  pulse. 


Conclusion 

Thus,  the  calculational  and  experimental  methods  presented  in  this  study  allow  to  determine  correctly 
basic  characteristics  of  LIA-10  REB  in  process  of  the  accelerator  construction  optimization  as  well  as  during 
the  accelerator  operation. 
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ABSTRACT 

Experimental  observations  of  the  plasma  formations  in  a  Vacuum  Spark  discharge  are  presented.  A  low 
power  Nd:YAG  laser  pulse  incident  onto  a  Titanium  cathode  initiates  the  discharge.  The  evolution  of 
the  Titanium  plasma  electron  density  and  temperature  is  followed  both  in  the  visible  and  the  soft  X-ray 
part  of  the  spectrum.  The  former  uses  a  novel  micro  holographic  interferometric  technique  permitting  a 
spatial  resolution  better  than  20  pm.  The  probing  beam  is  a  6  ns  frequency  doubled  Nd:YAG  laser. 
The  latter  emission  is  resolved  using  a  number  of  different  methods.  The  spatial  information  is  derived 
from  a  1  ns  multi  framing  camera  X-ray  camera  which  projects  the  plasma  image  using  four  different 
slit  wire  pinhole  images  and  six  pinhole  images,  each  aperture  being  filtered  differently.  The  temporal 
evolution  of  the  emission  of  each  discharge  is  followed  using  several  Silicon  PIN  diodes.  The  x-ray 
spectrum  is  deconvolved  from  the  filter  and  detector  response  and  interpreted  using  a  collisional 
radiativ'e  package.  The  hot  spots  are  seen  to  form  in  a  submilimetre  pinch  stemming  from  the  incident 
laser  focus  which  has  a  life  time  of  about  20  ns.  The  hot  spots  are  much  shorter  events,  reaching 
substantially  higher  densities,  but  involve  only  part  of  the  line  density  of  the  pinch  column. 

INTRODUCTION 

The  Vacuum  Spark  is  a  small  scale  device  which  allows  the  achievement  of  plasma  conditions 
leading  to  radiative  collapse  on  a  nanosecond  time  scale  [1].  Most  of  the  work  on  Vacuum 
Spark  has  been  performed  using  low  inductance  capacitor  banks  to  drive  the  discharge, 
although  interesting  results  have  been  obtained  using  pulse  power  driving  techniques  [2,3].  In 
a  previous  experiment  we  have  used  a  low  inductance  coaxial  line  feed  by  a  Marx  generator  to 
power  the  discharge.  Short  circuiting  of  the  line  switching  gap  allows  the  Vacuum  Spark  to 
be  driven  in  the  hybrid  regime  [4].  Under  these  conditions,  a  pre  ionising  laser  plasma, 
resulting  from  the  application  of  a  short  laser  pulse  focused  onto  the  cathode,  is  produced  at  a 
time  when  there  is  a  field  of  over  100  V/cm  across  the  discharge  electrodes.  It  has  been  found 
that  in  this  mode  of  operation  a  relatively  low  laser  energy  is  sufficient  to  generate  adequate 
initial  conditions  to  achieve  radiative  collapse  [5].  In  this  work  we  report  on  the  time  and 
space  evolution  of  a  Vacuum  Spark  Titanium  plasma.  The  electron  density  and  temperature  is 
followed  both  in  the  visible  and  the  soft  X-ray  part  of  the  spectrum.  The  plasma  electron 
density  dynamics  is  followed  using  a  novel  micro  holographic  interferometric  technique 
permitting  a  spatial  resolution  better  than  20  pm  [6].  Hot  spots  are  seen  to  form  in  a 
submillimetre  pinch  stemming  from  the  incident  laser  focus  which  has  a  life  time  of  about  20 
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ns.  The  hotspots  are  found  to  be  short  events,  reaching  substantially  high  densities  within  a 
nanosecond  of  their  initiation,  but  which  involve  only  part  of  the  line  density  of  the  pinch 
column. 

EXPERIMENTAL  APPARATUS 

The  Vacuum  Spark  is  operated  in  the  hybrid  mode.  It  is  driven  by  a  1.5  Ohm  coaxial  pulse 
forming  line  with  a  maximum  current  of  140  kA  in  a  120  ns  pulse.  A  0.4  J,  8  ns  Nd:YAG 
laser  pulse  is  focused  through  the  cylindrical  anode  onto  the  cathode.  Both  cathode  and  anode 
are  made  of  Titanium.  Further  details  on  the  experimental  set-up  have  been  published 
elsewhere  [4,5].  The  micro  holographic  interferometric  technique,  based  on  the  Mach- 
Zehnder  Interferometer,  is  used  to  study  the  plasma  electron  density  and  is  complemented  with 
simultaneous  results  from  image  plane  interferometric  holograms.  The  probing  beam  is  a  6  ns 
frequency  doubled  NdiYAG  laser.  A  visible  streak  camera  is  used  to  follow  the  axial 
evolution  of  the  discharge  plasma.  The  X-ray  emission  is  resolved  by  a  number  of  different 
methods.  The  spatial  information  is  derived  from  a  3  ns  multi  framing  X-ray  camera  in  which 
the  plasma  projects  a  set  of  images  using  four  different  slit  wire  images  [7]  and  six  pinhole 
images,  each  image  obtained  through  different  filter.  The  temporal  evolution  of  the  emission 
of  each  discharge  is  followed  using  several  Silicon  PIN  photodiodes  and  with  absolute  XUV 
Silicon  photodiodes.  The  soft  X-ray  emission  is  quantified  for  different  regions  of  this  highly 
reproducible  discharge. 

EXPERIMENTAL  RESULTS 
Figure  1  shows  an  axial  optical  streak  of 
the  Vacuum  Spark  plasma,  covering  a 
period  of  300  ns,  from  the  time  when  the 
laser  strikes  the  cathode  until  a  time 
shortly  after  the  peak  of  the  discharge 
current.  The  very  short  lived  formation  of 
the  hot  spot  plasma  column  is  seen  just 
before  peak  current.  There  is  a  clear 
tendency  for  the  hot  spot  formation  of  the 
plasma  points  to  propagate  from  the 
cathode  towards  the  anode.  Position  of 
the  plasma  points  is  found  to  be  highly  j. 

reproducible  if  the  discharge  is  operated 
in  the  hybrid  mode.  Characteristic  electric 
and  X-ray  emission  signals  are  shown  in 

figure  2.  The  voltage  is  ramped  up,  as  is  characteristic  in  the  hybrid  mode,  and  the  initiating 
laser  is  fired  at  1.4  ps.  PIN  diodes  1  and  3  see  the  whole  discharge  region,  whereas,  PIN  2,  4 
and  5  see  only  the  half  of  the  discharge  volume  which  is  closer  to  the  cathode.  For  ~70  ns 
since  the  application  of  the  laser,  the  impedance  is  high  and  electron  beam  induced  emission 
from  the  anode  is  observed,  until  breakdown  takes  place  at  1.5  ps.  For  the  next  ~150  ns,  the 
cathode  region  is  seen  to  emit  at  energies  above  1  keV,  as  shown  by  PIN-5.  Close  to  peak 
current  burst  of  x-ray  pulses  are  emitted,  as  indicated  by  PIN-3  and  PIN-4.  At  this  time 
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emission  seen  by  PIN-5  does  not  greatly 
increase.  On  comparing  signals  from  PIN- 
2  and  PIN-3,  the  fact  that  PIN-2  sees  only 
the  cathode  region  and  PIN-3  the  whole 
discharge  volume,  indicates  that  the  plasma 
emitting  regions,  hot  spots,  propagate  from 
the  cathode  towards  the  midpoint  of  the 
discharge.  The  relative  amplitude  of  the 
different  PIN  diode  signals  also  indicates 
that  successive  hot  spots  are  of  decreasing 
characteristic  temperature. 

A  series  of  x-ray  frames  is  shown  in  figure 
3.  The  timing  of  each  frame  is  relative  to 
the  maximum  of  the  signal  in  PIN-2,  in  Fig. 

2.  The  frames  correspond  to  the  slit-wire 
pin  hole  camera  configuration.  Exposure  1 3  1.4  1.5  i.e  i.7 

time  is  1  ns.  The  upper  series  was  obtained  (P®) 

with  a  5  pm  A1  filter,  and  the  lower  one, 

with  a  1  pm  Ti  filter.  At  each  time,  both  Figure  2:  characteristic  electric  and  x-ray  signals, 

filtered  images  correspond  to  the  same 

shot.  It  is  clear  that  brighter  hot  spots  form  first  near  the  cathode,  whereas  at  later  times  they 
tend  to  form  further  away  from  the  cathode  and  are  of  much  less  intensity.  This  observations 
are  in  full  agreement  with  the  PIN  diode  x-ray  signals  shown  in  Fig.  2. 

Micro  holographic  interferograms  of  the  plasma  column  at  the  time  of  plasma  point  formation 
have  been  obtained  with  a  6  ns  laser.  A  typical  example  is  shown  in  figure  4.  The  duration  of 
the  laser  pulse  is  too  long  to  freeze  plasma  point  formation  in  the  sub-nanosecond  time  scale, 
but  does  show  the  larger  scale  plasma  distribution.  In  particular,  the  interferogram  shows  a 


dense  down  spreading  anode  plasma  and  the 
initial  plasma  column  stemming  from  the 
laser  focus  point. 

DISCUSSION  AND  CONCLUSIONS 
The  present  results  show  that  plasma 
formation  in  the  Vacuum  Spark  evolve 
rapidly  once  a  dense  plasma  has  formed  on 
the  cathode,  at  the  laser  focal  point.  A 
plasma  column  stems  from  this  focal  point 
and  plasma  points,  hot  spots,  form  on  a 
nanosecond  time  scale,  propagating  to  the 
axial  midpoint  of  the  discharge,  where  the 
anode  blow  off  meets  the  column.  Plasma 
temperature  can  be  obtained  from  the 
measured  emission  ratios  observed  with 
different  filter  combinations.  The  X-ray 
emission  can  be  modelled  using  a  CRE  code 
[8]  and  when  the  detector  response  (film, 
photocathode,  PIN  diode)  is  convolved  with 
the  modelled  emission,  a  good  measure  of 
the  plasma  temperature  is  obtained.  In  this 
case,  the  cathode  bright  spot  is  found  to  have 
a  temperature  of  approximately  750  eV,  whereas  the  temperature  of  the  hot  spots  is  about  400 
eV  in  the  first  hot  spot  at  1  mm  from  the  cathode,  and  250  eV  in  the  second,  at  2.5  mm  from 
the  cathode.  If  a  third  hot  spot  forms  at  3.5  mm,  its  temperature  is  ~150  eV.  The  anode  blow 
off  plasma  has  a  higher  temperature  for  longer  than  both  the  cathode  bright  spot  and  the 
ensuing  plasma  column.  This  temperature  might  be  slightly  over  1  keV. 

The  combination  of  these  two  new  diagnostics,  the  Micro  Holografic  Interferometer  and  the 
Slit-Wire  Camera,  allows  fine  scale  plasma  structures  to  be  resolved,  both  in  density  and 
temperature.  Further  work  is  presently  under  way  to  study  in  finer  detail  the  hot  spots 
dynamic. 
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Figure  4:  Micro  Holographic  Interferogram  of  the 
plasma  column  at  the  time  of  Plasma  Points  formation. 


-682- 


P-2-65 


Imaging  of  Exploding  Wire  Plasmas  by  High-luminosity 
Monochromatic  X-ray  Backlighting  Using  an  X-pinch 

Radiation  Source. 

S.A.  Pikuz,  T.A.  Shelkovenko  and  V.M.  Romanova 
P.N.  Lebedev  Physical  Institute,  Russian  Academy  of  Sciences, 

Leninsky  Prospect  53,  Moscow,  Russia 
D.A.  Hammer 

Laboratory  of  Plasma  Studies  and  School  of  Electrical  Engineering, 

Cornell  University,  Ithaca,  New  York  14853,  USA 
A.Ya.  Faenov  and  T.A.  Pikuz 
Multicharged  Ions  Spectral  Data  Center  of  VNIIFTRI, 

Mendeleeva,  Moscow  Region,  141570,  Russia 

Abstract 

A  new  diagnostic  method  for  dense  plasmas,  monochromatic  x-ray  backlighting, 
is  described.  In  this  method,  shadow  images  of  a  bright,  dense  plasma  can  be 
obtained  with  high  spatial  resolution  using  monochromatic  radiation  from  a  separate 
plasma,  permitting  a  major  reduction  in  the  required  backlighting  source  power. 

The  object  plasma  is  imaged  utilizing  spherically  bent  mica  crystals  as  x-ray  optical 
elements.  Images  of  test  objects  obtained  using  x-ray  radiation  having  different 
photon  energies  are  presented.  Shadow  images  of  exploding  A1  wire  plasmas  in 
the  ls^-ls3p  line  radiation  of  He-like  A1  XII  are  also  shown.  Spatial  resolution  as 
fine  as  4  pm  is  demonstrated.  The  scheme  described  here  is  useful  for  backlighting 
extended  high  density  plasmas,  and  could  be  a  less  costly  alternative  to  using  X-ray 
lasers  for  such  purposes. 

X-ray  backlighting  of  high  density  plasmas  [1,2]  is  one  of  the  most  effective  target  diagnostic 
methods  in  the  inertial  confinement  fusion  research  program.  It  has  also  been  used  to  investigate 
high  density  pinch  discharges[3|. 

Here  we  describe  a  new  approach  to  imaging  dense  plasmas,  monochromatic  X-ray  back¬ 
lighting,  along  with  initial  experimental  results  obtained  with  it.  Shadow  images  of  bright 
object-plasmas  are  obtained  with  high  spatial  resolution  using  a  single  spectral  line  from  a  sep¬ 
arate  plasma.  This  method  substantially  reduces  the  requirements  on  the  backlighter  source 
radiation  power  relative  to  that  of  the  object-plasma.  Moreover  the  field  of  view  in  this  scheme 
as  tested  was  a  few  cm  by  a  few  mm.  To  accomplish  this,  we  used  a  mica  crystal  that  has  been 
accurately  bent  to  form  a  spherical  reflecting  surface  as  a  lens  to  form  the  X-ray  shadow  image, 
thereby  providing  the  high  spectral  selectivity  to  the  focused  radiation  that  is  central  to  this 
diagnostic  technique.  The  principle  of  monochromatic  X-ray  backlighting  was  published  else- 
where[4].  A  schematic  diagram  of  the  method  is  shown  in  Fig.  1,  and  combinations  of  different 
films  and  filters  used  in  various  experiments  are  shown  in  Fig.  2a. 

Experimental  tests  of  monochromatic  backlighting  were  performed  using  the  XP  pulser  at 
Cornell  University  operating  at  about  350  kA  peak  current  in  a  100  ns  pulse  and  the  BIN 
generator  at  the  Lebedev  Institute  with  a  current  of  250  kA  in  a  100  ns  pulse.  X-pinch  plasmas, 
produced  by  the  explosion  of  crossed  wires  in  the  vacuum  diodes  of  the  two  pulsers,  were  used 
as  the  source  of  x-ray  radiation.  One  of  the  main  tasks  of  these  experiments  was  to  obtain 
a  shadow  image  of  a  test  object  with  the  best  possible  spatial  resolution  using  radiation  with 
different  wavelengths.  The  radiation  from  different  types  of  wires,  from  A1  to  W,  was  used, 
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covering  a  wide  range  of  x-ray  energies  from  near  1  to  several  keV.  The  diagnostic  system 
geometry  was  adjusted  before  a  pulse  to  be  set  for  different  spectral  lines  using  spherical  mica 
crystals  having  radii  of  186  and  100  mm. 

Since  mica  is  a  natural  crystal,  actual  samples  can  have  different  values  of  the  crystal  lattice 
spacing  d.  Because  we  must  work  with  Bragg  angles  9  near  normal  in  the  formula  2d  sin  0  =  mX, 
we  must  know  d  with  high  accuracy,  where  A  is  the  wavelength  of  the  radiation  and  m  is  the 
order  of  reflection.  In  order  to  determine  d  to  the  required  accuracy,  the  crystal  was  set  up  in  a 
spectrograph  with  an  extended  ls^-ls3p  He-like  A1  (exploding  wire)  source,  as  illustrated  in  Fig. 
3a.  With  a  spherical  crystal,  there  is  actually  a  “Rowland  sphere,”  and  the  form  of  the  spectral 
line  from  the  extended  source  on  the  Rowland  sphere  is  an  arc  of  a  circle,  as  shown  in  Fig. 
3b.  The  radius  of  this  circle,  r,  can  be  measured  very  accurately  and  is  related  to  the  crystal 
quantity  d  according  to  r  =  TnXR/ld,  where  R  is  the  crystal  radius.  Notice  that  if  neither  d  nor 
A  are  accurately  known,  an  accurate  measurement  of  r  will  determine  the  ratio  A/ d,  giving  the 
quantity  actually  needed  to  set  up  a  backlighter  for  another  plasma,  namely  the  angle  6  in  the 
expression  2d  sin  0  =  mX.  An  X-ray  microscope [5, 6]  and  Cauchois  spectrograph[6,7]  were  used 
to  determine  the  size  and  shape  of  the  backlighter  source  (see  Fig.  4) . 

In  order  to  determine  the  actual  spatial  resolution  of  the  backlighter  diagnostic,  images  of 
metal  grids,  thin  wires  having  37.5  and  12.5  pm  diameter,  and  8  pm  diameter  glass  fibers  were 
obtained  using  several  different  x-ray  spectral  lines.  The  spatial  resolution  was  estimated  using 
the  grid  or  wire  sharpness.  Clear  images  of  the  wires  and  glass  fibers  can  be  seen  with  a  field 
of  view  (5-7)  mm  x  (10-13)  mm  in  Fig.  5.  It  should  be  noticed  that  the  glass  fibers  were 
transparent  to  shorter  wavelength  radiation,  e.g.  H-like  Ti  radiation.  Thus,  the  30  pm  diameter 
glass  shell  in  which  an  8  pm  diameter  Cu  wire  was  contained  is  not  visible  in  the  fourth  image 
in  Fig.  5.  The  best  spatial  resolution,  4  pm,  was  obtained  using  the  mica  crystal  with  R  =  100 
mm,  as  shown  in  Fig.  6. 

The  ability  of  the  mica  crystals  to  reflect  radiation  in  many  orders  of  reflection  (m  values) 
may  enable  us  to  image  a  test  object  in  several  spectral  lines.  In  order  to  separate  the  spectral 
information  we  used  a  combination  of  different  Alters  and  two  films  as  detectors.  In  this  case, 
the  front  film  was  an  additional  filter  for  the  back  film.  The  data  on  film  sensitivity  and  the 
absorption  of  radiation  by  these  films  were  taken  from  Henke’s  work[8,9].  In  these  experiments, 
100  pm  thick  Be  foil  and  combinations  of  A1  and  Ti  filters  were  used  (see  Figs.  2a  and  5).  The 
curves  of  photon  detection  efficiency  using  different  filter  and  film  combinations  are  shown  in 
Fig.  2b.  The  detection  efficiency  is  defined  as  the  product  of  absorption  in  the  filter  divided  by 
the  film  sensitivity. 

As  a  particular  example,  we  discuss  X-pinches  from  Ta  and  W  wires  as  backlighter  sources. 
Two  DBF  films  were  used  to  obtain  images.  For  both  Ta  and  W  the  system  geometry  was 
tuned  to  the  La  line  of  Ta  (wavelength  A  =  1.534 A,  angle  of  incidence  6  —  83°,  m  =  13)  and 
the  images  of  test  objects  are  shown  in  Fig.  5.  Although  there  is  no  line  with  a  wavelength  of 
1.534  A  in  the  spectrum  of  W,  M-shell  radiation  with  wavelengths  3.98  A  and  4.94  A  is  reflected 
by  the  crystal  in  5th  and  4th  orders,  respectively,  and  can  be  used  to  obtain  an  image.  These 
wavelengths  are  in  the  M-shell  radiation  of  Ta  as  well  as  W  ions.  Therefore,  in  the  case  of  the 
X-pinch  from  W  wires,  the  image  of  the  object  was  obtained  using  M-shell  line  radiation.  The 
fact  that  there  was  no  image  on  the  second  film  in  the  W  test  verifies  this  point.  By  contrast, 
using  the  Ta  backlighter,  an  image  was  obtained  on  the  back  film  from  the  La  line  and  on  the 
front  film  from  the  M-shell  radiation  simultaneously.  (We  used  filter  combinations  of  Be,  Ti, 
and  A1  foils,  as  shown  in  Fig.  5,  to  understand  which  radiation  was  responsible  for  creating 
the  image.  From  the  curves  of  detector  efficiency  it  is  clear  that  the  image  of  the  grid  with  the 
filters  from  A1  and  Be  foils  was  created  using  the  radiation  with  A  =  1.533 A.  All  images  were 
investigated  by  this  method.) 
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As  a  demonstration  of  the  possibility  of  using  the  diagnostic  method  described  here  to 
investigate  a  dense  plasma,  experiments  with  an  exploding  A1  wire  were  performed.  For  the 
backlighting  X-pinch,  two  37.5  pm  A1  wires  were  used.  An  angle  of  incidence  of  6>  =  86  degrees 
at  the  crystal  was  suitable  for  the  ls^-ls3p  line  of  He-like  A1  with  a  wavelength  of  6.6343  A.  An 
exploding  thin  A1  wire  was  placed  in  the  main  discharge  circuit  parallel  to  the  X-pinch  return 
current  rods[4]  in  each  pulse  in  these  experiments.  Only  a  small  portion  of  the  main  current,  a 
few  kA  peak,  passed  through  this  wire.  This  current  is  equivalent  to  the  current  flowing  through 
a  wire  at  an  early  stage  of  a  high-current  Z-pinch[10].  Shadowgrams  of  the  exploding  A1  wires 
which  were  initially  37.5  pm  and  15  pm  diameter  are  shown  in  Fig.  7.  A  stainless  steel  wire 
grid  with  wire  thickness  200  pm  and  an  A1  wire  the  same  size  as  the  exploding  one  but  which 
carried  no  current  were  used  for  focus  control  and  tuning. 

The  x-ray  backlighting  method  tested  in  the  experiments  described  here  can  be  an  alternative 
to  using  a  short  wavelength  laser  for  probing  a  plasma  under  many  conditions.  The  spatial 
resolution  obtained  with  this  method  is  better  than  that  which  can  be  obtained  by  other  methods. 
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FIGURE  CAPTIONS 

Fig.  1  Schematic  diagram  of  the  backlighting  method.  1-Radiation  source,  2-object 
under  study,  3-crystal,  4-Rowland  circle,  5-detector,  6-shield. 

Fig.  2  a-Filter  and  film  combinations,  b-curves  of  detector  efficiency. 

Fig.  3  Diagram  (a)  and  results  (b)  of  experiments  for  determining  the  d  of  mica  crystals. 

Fig.  4  Images  of  backlighting  sources. 

Fig.  5  Shadow  images  of  test  objects. 

Fig.  6  Shadow  images  and  densitogram  of  a  stainless  steel  grid  and  an  8  pm  diameter 
glass  fiber  in  ls^-ls3p  line  radiation  of  Al  XII  ions. 

Fig.  7  Shadow  images  and  densitograms  of  a  stainless  steel  grid  and  exploding  wires 
with  37.5  (a)  and  15  pm  (b)  initial  diameter  in  ls^-ls3p  line  radiation  of  Al  XII 
ions.  Wires  which  carried  no  current  are  also  imaged. 
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Abstract 

Aluminum  wire  X-pinch  experiments  performed  at  the  Cornell  University  XP  pulsed 
power  generator  and  at  the  Lebedev  Institute  BIN  generator  show  detailed  high 
resolution  spectra  for  satellilte  lines  of  Li-like,  Be-like,  B-like,  and  C-like  ions. 

These  lines,  which  correspond  to  transitions  originating  from  autoionizing  levels, 
are  observed  in  the  direction  of  the  anode  with  respect  to  the  bright  X-pinch  cross 
point.  The  intensities  of  these  satellites  are  much  smaller  or  absent  in  the  direction 
of  the  cathode.  Such  transitions  are  caused  by  collisions  of  ions  with  energetic 
electrons  (5-15  keV)  which  are  created  by  the  inductive  voltage  drop  between  the 
cross  point  and  the  anode.  A  collisional— radiative  model  was  constructed  using 
a  non-Maxwellian  electron  energy  distribution  consisting  of  a  thermal  Maxwellian 
part  plus  a  Gaussian  part  to  represent  the  high  energy  electron  beam.  The  shapes 
of  the  observed  satellite  structures  are  consistent  with  the  calculated  spectrum 
for  electron  temperatures  between  30-100  eV,  and  beam  densities  of  about  10~'^ 
times  the  plasma  electron  density. 

The  purpose  of  the  present  work  is  to  study  in  detail  the  spectroscopy  of  satellite  lines 
which  are  observed  in  X-pinch  produced  plasmas.  Satellite  emission  lines  are  observed 
from  the  Li-like,  Be-like,  B-like,  and  C-like  ion  stages  of  aluminum.  The  transitions 
correspond  to  the  radiative  2p  Is  decay  of  autoionizing  levels  having  a  Is  shell  vacancy. 
The  satellite  lines  are  observed  only  toward  the  anode  side  of  the  x-pinch  cross  point.  The 
upper  levels  are  populated  mainly  by  electron  impact  excitation  and  ionization  of  Is  shell 
electrons  in  relatively  cold  regions  of  plasma  and  by  dielectronic  recombination  to_a  lesser 
extent.  The  high  energy  electrons  which  are  required  to  stimulate  such  transitions  are 
produced  by  the  inductive  voltage  drop  from  the  cross-point  to  the  anode,  in  effect  forming 
an  electron  beam.  This  explains  why  the  satellite  lines  are  much  less  intense  or  absent  on 
the  cathode  side  of  the  hot  spot  (see  below).  Dielectronic  recombination  due  to  thermal 
electrons  is  also  important  for  determining  the  spectral  line  structures.  ^ 

The  experiments  were  performed  using  the  XP  pulser  at  Cornell  University  operating 
at  about  350  kA  peak  current  in  a  100  ns  pulse  and  the  BIN  generator  at  Lebedev  Institute 
with  a  current  of  250  kA  in  a  100  ns  pulse. 

High  temperature  and  high  density  X-pinch  plasmas  were  created  during  the  explosion 
process  which  occurs  when  two  or  more  crossed  wires  are  placed  between  the  output 
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Figure  1:  a)  Schematic  diagram  of  the  X-pinch  experiment  including  an  x-ray  spectrograph;  b) 
Schematic  diagram  of  the  plasma  regions  formed  in  the  X-pinch. 


electrodes  of  the  pulser  diode  (Fig.  1).  The  plasmas  created  were  studied  using  various 
diagnostics  in  different  spectral  ranges.  The  spectra  of  highly  charged  ions  iri  the  x-ray 
region  were  obtained  using  the  Focusing  Spherical  spectrograph  with  one  dimensional 
Spatial  Resolution  (FSSR-1DT‘^  This  spectrograph  is  constructed  with  mica  crystals 
curved  on  a  100  mm  spherical  surface.  The  spatial  resolution  in  these  experiments  was 
better  than  50  microns.  However,  in  principle,  10  microns  can  be  achieved.  The  spectral 
resolution  of  the  spectrograph  A/ A  A  exceeds  3000  and  does  not  depend  on  the  size  of  the 
plasma^.  This  is  the  most  important  feature  for  recording  the  radiation  emitted  by  the 
diffuse  plasma  surrounding  the  x-pinch  bright  spot. 

A  spectrogram  obtained  with  the  XP-pulser  using  crossed  aluminum  wires  is  shown  in 
Fig.  2.  Note  that  the  spectrum  is  resolved  in  one  spatial  dimension  and  integrated  in  time. 
Densitograms  of  this  spectrum  are  shown  on  both  sides  of  the  wire  cross  point.  The  strong 
asymmetry  of  the  line  radiation  relative  to  the  cross  point  is  obvious.  The  resonance  and 
intercombination  lines  of  He-like  A1  ions  were  recorded  on  both  sides  of  the  cross  point 
in  the  second  order  of  the  mica  crystal  reflection.  Strong  satellite  lines  corresponding 
to  transitions  in  Li-like  through  C-like  aluminum  were  observed  in  the  anode  direction 
and  were  only  weakly  observed  or  absent  in  the  cathode  direction.  Lines  corresponding 
to  np  — >  Is  transitions  in  H-like  A1  ions  were  also  observed  (not  shown)  in  the  cathode 
direction.  These  lines  were  recorded  in  the  third  order  of  the  mica,  crystal  reflection. 
The  presence  of  lines  belonging  to  H-like  aluminum  make  it  possible  to  measure  the 
wavelengths  of  satellite  lines  with  an  accuracy  of  3-5  mA.  The  spectra  were  recorded  on 
KODAK  DEF  film  and  the  images  were  digitized  using  an  OPTRONICS  PHOTOSCAN 
densitometer  with  a  12.5  micron  pixel  size. 

The  population  densities  of  the  atomic  levels  were  deduced  from  non-equilibrium 
steady-state  kinetics  calculations  and  were  used  as  input  for  the  spectral  simulations. 
The  rate  coefficients,  used  in  the  evaluation  of  the  rate  equations,  were  computed  with  a 
non-equilibrium  electron  energy  distribution.  In  general,  the  rate  coefficient  for  a  process 
involving  a  collision  of  a  single  electron  with  an  ion  in  initial  state  i  which  induces  a 
transitions  to  a  final  state  j  is  given  by"* 

r.,  =  I  F{E)viE)ai,dE,  (1) 

where  E  is  the  electron  energy,  F{E)  is  the  electron  energy  distribution  function,  v  is  the 
associated  velocity  (2jE/m)^/^,  m  is  the  electron  mass,  and  aij  is  the  cross  section.  Eq. 
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Figure  2:  A  FSSR-ID  spectrum  from  an  aluminum  plasma  produced  by  crossed  wires  in  the  XP-puIser 
(a)  and  in  the  BIN-generator  (b). 


1  corresponds  to  a  weighted  average  of  the  cross  section  for  a  particular  distribution  of 
electron  energy.  All  integrals  presented  in  this  section  are  evaluated  on  the  interval  0  < 
E  <  oo.  For  an  X-pinch  plasma  in  the  direction  of  the  anode  the  effect  of  both  thermal 
electrons  and  beam  electrons  must  be  incorporated  into  the  electron  energy  distribution 
function.  For  the  present  application  the  function 


F  =  (1  -  f)Fo{E,  T)  +  fG{E,  Eo,  T)  (2) 

was  chosen.  In  Eq.  2  /  is  the  beam  fraction,  which  is  the  fraction  of  the  total  free  electron 
density  involved  in  the  beam,  Fq  is  the  Maxwellian  function  which  represents  the  thermal 
electrons,  and  G  is  the  Gaussian  function  chosen  to  represent  the  beam  electrons.  The 
Maxwellian  function  is  given  by  the  usual  relationship 


2 

FoiE,T)  -  ^  [kTfE 


(3) 


where  kT  corresponds  to  the  temperature  of  the  distribution  in  units  of  energy,  and  k  is 
the  Boltzmann  constant.  The  Gaussian  function  is  given  by 

G{E,  Eo,  r)  =  ^^i/2g-(i?-£o)V(2r^)  (4) 

where  £*0  is  the  center  of  the  Gaussian,  F  is  its  width,  and  g  is  a  normalization  constant. 
The  functions  F,  Fq,  and  G  are  normalized  such  that 

J  FdE  =  J  FodE  =  j  GdE  =  1.  (5) 

See  Ref.  5  which  uses  a  similar  method  for  including  the  effects  of  high  energy  electrons. 

A  detailed  fine  structure  atomic  model  for  the  He-like  through  C-like  ionization  stages 
of  aluminum  was  calculated  using  the  Los  Alamos  suite  of  atomic  physics  codes®’^.  The 
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full  effects  of  intermediate  coupling  and  configuration  interaction  were  included.  The  level 
structure  corresponding  to  the  configurations  ls^(2,s2p)“',  ls^(2s2p)’^  ^3/,  l5^(2s2p)^  \ 

and  ls^(2s2p)’"3/  was  calculated  for  the  Li-like  through  C-like  ion  stages. 

The  spectra  were  constructed  using  Lorentz  line  shapes  with  widths  approximating 
the  experimental  resolution.  Since  satellite  lines  are  generally  weak  and  optically  thin, 
and  the  plasma  density  is  low,  optical  depth  effects  have  been  neglected.  Figure  3a 
shows  a  comparison  of  a  calculated  spectrum  with  kT  =  40  eV  and  /  =  10  with  the 
experiment  in  the  spectral  range  appropriate  for  B-like  satellite  lines.  The  figure  also 
includes  the  C-like  contribution.  Several  features  in  the  spectra  are  not  accounted  for  by 
the  simulations.  Figure  3b  shows  comparison  of  experimental  and  calculated  spectra  for 
the  Be-like  stage  of  ionization.  The  calculated  spectrum  corresponds  to  a  temperature  of 
60  eV  and  /  =  10^^.  The  calculated  spectrum  is  in  excellent  agreement  with  experiment. 
Figure  3c  is  comparison  of  experimental  and  calculated  spectra  for  the  Li~like  stage  of 
ionization.  The  calculated  spectrum  corresponds  to  an  electron  temperature  of  80  eV  and 
f  =  3  X  10“'^.  Note  that  there  seems  to  be  a  slight  inconsistency  between  the  calculated 
wavelengths  and  the  calibration  of  the  experimental  measurement.  However,  the  overall 
agreement  between  theory  and  experiment  is  quite  good.  The  study  shows  that  these 
structures  can  be  reproduced  by  calculations  with  electron  beam  fractions  /  ~  10  ,  in 

agreement  with  experimental  estimates.  The  calculations  also  suggest  that  a  temperature 
gradient  from  approximately  30  to  80  eV  is  formed  in  the  plasma. 
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Figure  3:  A  comparison  of  the  calculated  spectrum  (dashed  line)  with  experiment  (solid  line). 
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1.  Introduction 

Fast  Z-pinches,  formed  at  explosion  of  single  thin  wires  by  a  powerful  pulse  of  current,  are 
by  a  subject  of  intensive  experimental  researches  already  more  than  twenty  years  /1, 2/.  The  interest 
to  these  researches  is  associate  with  formation  in  pinching  process  of  a  plasma  column,  so-called 
"hot"  points  -  high-temperature  dense  objects,  intensively  radiating  in  a  soft  x-ray  region.  The 
analysis  of  x-ray  spectra  shows,  that  electron  temperature  Te  in  "hot"  points  can  reach  about  several 

keV,  density  He  >  10^^  cm'^.  Such  high  specific  parameters  of  plasma  present  doubtless  interest  for 
researches  in  the  field  of  physics  of  high  energy  density  ,  x-ray  spectroscopy  of  multicharge  ions. 

At  present  the  significant  progress  in  understanding  of  physical  processes,  responsible  for 
heating  of  plasma  in  "hot"  points  is  achieved.  The  model  of  radiation  compression  stated  in  detail  in 
/3/,  originally  developed  for  plasma  of  low  inductance  vacuum  spark,  can  be  applied  with  success 
to  the  affined  phenomena  -  "hot"  points  in  fast  Z-pinch.  This  model  shows,  that  the  energy  losses  of 
plasma  in  line  emission  of  multicharge  ions  play  a  significant  role  in  process  of  micropinching.  The 
estimations  of  plasma  parameters  ,  based  on  model  of  radiation  compression,  are  in  a  good 
agreement  with  experimental  data. 

In  present  work  the  results  of  experimental  investigations  of  "hot"  points,  formed  at 
explosion  of  thin  Al-wires,  are  reported.  The  experiments  are  accomplished  on  the  fast  high  current 
generator  SIGNAL  /4/,  which  was  modernized  with  the  purpose  of  increase  of  load  current.  The 
measurements  of  x-ray  emission  from  "hot"  plasma  points  are  allowed  to  estimate  their  parameters. 

2.  The  experimental  installation  and  methods  of  diagnostics 

The  high  current  pulse  generator  SIGNAL  represents  the  inductive  energy  storage.  The 
switching  of  current  in  load  is  carried  out  by  plasma  opening  switch  over  characteristic  time  about 
50  ns.  The  recently  completed  modernization  of  the  SIGNAL  installation  has  allowed  to  raise 
amplitude  of  current  in  a  load  up  to  210  kA.  As  a  load,  the  wires  from  aluminium  by  a  diameter 
20.. 30  microns  and  length  of  8  mm  were  set  in  diode  of  the  SIGNAL  generator. 

The  time-integrated  images  of  a  plasma  column  in  soft  x-ray  radiation  were  registered  by 
pinhole  chamber  with  diaphragms  by  a  diameter  1 5  and  30  micron. 

X-ray  streak  camera  was  used  for  investigation  of  the  space-time  characteristics  of  Z-pinch 
x-rays  emission.  ID-image  of  Z-pinch  is  formed  on  the  streak-tube  photocatode  by  a  slot-hole 
diaphragm,  oriented  normally  to  the  wire  axis.  The  sweep  direction  is  also  normal  to  the  wire  axis. 
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In  the  conducted  experiments  the  time  resolution  was  about  0.9  ns,  the  space  one  along  axis  of  Z- 
pinch  -  0.2  mm. 

The  continuous  spectrum  of  x-ray  radiation  of  "hot"  points  in  the  range  of  photon  energies 
hv  =3..!  keV  was  measured  by  a  method  of  "grey"  filters.  The  space  resolution  of  this  diagnostic, 
which  is  structurally  similar  to  a  pinhole  chamber,  is  about  0.2  mm,  that  permits  to  separate  spectra 
of  different  "hot"  points  in  majority  of  cases.  The  registration  of  radiation,  past  through  filters  was 
carried  out  on  a  x-ray  film  of  a  UPSh-O  type.  The  film  was  previously  calibrated  on  static  x-ray 
source  in  the  range  of  photon  energies  h  v  =4. .9  keV. 

Crystal  spectrographs  with  flat  crystals  of  gypsum  (2d  =15.2  A)  and  potassium  asid  phthalate 
KAP  (2d  =26.5  A)  registered  the  line  emission  of  hydrogen-  and  helium-like  ions  of  aluminium. 
The  space  resolution  along  pinch  axis  was  provided  by  slots  of  0.1. .0.2  mm  width  ,  placed  before 
crystals  and  oriented  in  crystal  dispersion  plane.  A  spectral  range  of  the  spectrograph  with  gypsum 
crystal  is  /iv  =1.5. .1.9  keV,  the  one  of  the  spectrograph  with  KAP  crystal  -  hv  =  \.5..2.2  keV. 

3.  Experimental  results 

The  characteristic  pinhole  images  of  an  exploding  Al-wire  are  shown  on  fig.  1.  The  top 
image  is  recorded  with  diaphragm  of  30  micrometers  diameter,  filter  -  Mylar  5  pm. 

The  pipe-like  form  of  Z-pinch  x-rays  image  is  obvious.  The  pinhole  image  demonstrates  a 
quite  high  degree  of  uniformity  of  plasma  column  compression  on  the  whole  its  length,  except  for 
some  necks,  which  are  developed  at  further  pinching  into  "hot"  plasma  points.  The  diameter  of  a 
main  plasma  column,  measured  on  pinhole  image  for  several  experiments,  is  within  the  limits  of 
140. .250  micrometers. 


Fig.  2.  Pinhole  images  of  exploding  Al-wire. 

Top  image  -  diaphragm  30  pm,  filter  -  Mylar  5  pm; 
Bottom  image  -  diaphragm  1 5  pm,  filter  -  Mylar  1 5  pm. 
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The  bottom  image  on  fig.  2  is  formed  by  the  diaphragm  of  1 5  micrometer  diameter  with 
mylar  filter  15  micrometer  thichness.  On  this  image  the  emission  only  from  particular  "hot"  points  is 
observed.  The  size  of  these  points  in  direction  perpendicular  to  the  axis  of  the  wire  are  evaluated  in 
10.. 30  pm.  Usually  in  experiments  there  is  observed  from  five  up  to  fifteen  "hot"  points,  laying  on 
axis  of  Z-pinch.  Sometimes,  however,  on  pinhole  images  there  are  the  luminous  objects,  located  on 
significant  distance  from  an  axis  of  pinch.  Their  sizes,  as  a  rule,  are  much  more,  and  reach  hundreds 
micrometers. 

On  the  fig.  2  the  results  of  registration  of  Z-pinch  "hot  points"  with  help  of  x-ray  streak 
camera  are  submitted.  On  the  drawings  there  are  shown: 

•  working  photochronogramm; 

•  down  -  space  integrated  x-ray  pulse  form; 

•  right  from  photochronogramm  -  time  integrated  Z-pinch  emission  along  length; 

•  right  top  comer  -  Z-pinch  pinhole  image; 

•  right  bottom  comer  -  spectral  sensitivity  of  the  channel  and  parameters  of  elements  of 
the  x-ray  optical  circuit,  involved  in  the  experiment. 

Results  of  data  processing  of  x-ray  photochronography  show,  that  the  bursts  of  radiation 
with  hv>\.5  keV  from  particular  "hot"  points  begin  in  about  30.. 50  ns  after  switching  of  a  current 
in  load.  The  bursts  in  different  "hot"  points  occur  at  different  time,  the  characteristic  time  of  their 
life  is  several  nanoseconds. 

The  typical  sample  of  x-ray  line  spectrum  of  H-  and  He-like  ions  of  aluminium  ,  is 
demonstrated  on  fig.  3.  The  electron  temperature,  determined  on  the  ratios  of  resonant  lines  Hea 
and  Lya ,  and  also  their  dielectron  satellites,  has  appeared  equal  0.4  keV.  It  should  be  noted,  that  for 
majority  of  the  registered  x-ray  line  spectra  Te<  0.5  keV.  On  the  other  hand  the  values  Te, 
determined  on  continuum  fall-down,  usually  lie  within  the  limits  0.5. .0.9  keV  and  have  rather 
significant  dispersion  for  different  "hot"  points  even  in  one  pulse.  This  seeming  contradiction  may 
be  explained  if  we  suppose  very  significant  temperature  gradients  within  the  region  of  "hot"  point. 

The  value  of  plasma  density  we  were  estimated  from  the  lowering  of  ionisation  potential  of 
multicharged  ions  and  disappearance  of  thear  highly  exited  energy  levels  in  dense  plasma.  For  the 
spectrum  on  fig.3  the  plasma  density  were  within  the  limits  p=0.25..0.5  g/cm^  (corresponding 

electron  density  He  =10^^  cm'^).  It  should  be  noted,  howerer,  that  such  high  plasma  density  must 
cause  very  considerable  spreading  of  lines,  corresponding  to  transitions  fi'om  highly  exited  energy 
levels  (about  7.. .10  eV  for  levels  with  n=5).  At  the  same  time  experimental  spectra  give  a  slightly 
lesser  values.  A  one  possible  reason  for  such  disagreement  may  be  a  significant  density  gradients  in 
"hot"  plasma  points. 

A  preliminary  calculations  of  x-ray  line  spectra  from  "hot"  points  with  help  one-dimensional 
radiation  hydrodynamic  code  SS-9  151  ,  confirm  this  assumption.  This  simulations  give  adequate 
description  for  experimental  spectra  if  the  model  of  "hot"  point  consisting  of  a  "hot"  dense  core  and 
low  dense  corona  is  used. 

The  more  careful  and  accurate  analysis  of  x-ray  spectra  will  be  conducted  in  near  future. 
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Fig.  2.  Spatial-time  picture  of  soft  x-ray  emission  of  exploding  wire 


hv,  keV 


Fig.  3.  Line  spectrum  of  H-  and  He-Iike  aluminium  ions  of  “hot”  points  of 
exploding  wire.  Spectrograph  with  potassium  asid  phthalate  crystal. 

4.Discussion  of  experimental  results 

Most  completely  the  experimental  data  on  "hot"  plasma  points  can  be  interpreted  in  model  of 
radiation  compression  /3/,  in  which  the  equilibrium  state  of  a  pinch  -  in  our  case  of  a  plasma  point  - 
is  reached  at  change  of  a  radiation  mode  from  volume  to  surface,  though  quasi  equilibrium  is 
possible  in  optically  thin  plasma  161. 

In  the  model  161  the  electron  density  He  (cm'^)  and  the  neck  radius  r  (cm)  are  given  by 
expressions: 

He  =  1.26xl0^^xT’'^xJ^x(U/T)/exp(U/T), 
r  =  0.28xT'*'‘'{exp(U/T)/(U/T)}'“, 
where: 

T  is  electron  temperature,  eV; 

U  is  ionization  potential  of  an  ion  with  mean  charge  Z; 

J  is  Piza-Braginsky’s  critical  current,  MA. 

In  its  turn  the  critical  current  with  accounting  for  radiation  losses  from  plasma  is  determined 
by  an  equation 

Js0.27x(Ayk)^'^ 

where 

A  is  coulomb  logarithm,  accepted  equal  to  10; 

k=l+U/T+1.7xlO’xexp(-AE/T)xmy(Z^xT)  is  radiation  factor,  taking  into  account  the 
contribution  of  photorecombination  and  line  emission  in  radiation  losses; 

m  is  number  of  equivalent  electrons  of  an  ion  Z  in  state  with  main  quantum  number 
n; 

AEs(2n+l)/(n+l)^  xU  is  energy  of  excitation  of  state  n  of  an  ion  Z. 

As  the  plasma  at  Ts  400...900  eV  contains  basically  H-  and  He-like  ions  of  aluminium,  for 
this  interval  of  temperatures  it  is  possible  to  find  at  Z=1 1 
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J=(0.20..0.11)MA;  r=(10  ...l)xlO"’cm;  ne=(l•l■■9.3)xl0”cm■^ 

and  at  Z=12 

J=(0.26..0.18)MA;  r=(10  ...l)xlO'^cm;  ne=(1.1..22)xl0^^cm’l 

Taking  into  account,  that  in  the  discussed  experiments  the  maximum  value  of  a  current  did 
not  surpass  0.25  MA,  it  is  possible  to  conclude,  that  quasi  equilibrium  of  neck  plasma  is  reached 
already  at  value  of  a  current  in  pinch,  equal  to  critical  Js0.20  MA  and  Ts400  eV,  at  which  its 
cross  size  makes  ~20  microns  and  the  electron  density  is  -lO^^cm'^,  what  is  in  a  quite  good 
agreement  with  experimental  data. 

With  increase  of  a  current  in  pinch,  growth  of  temperature  and  density  of  neck  plasma,  its 
cross  size  decreases  .  As  it  is  seen  from  indicated  estimations,  at  this  the  value  of  critical  current, 
necessary  for  a  quasi  equilibrium  mode,  decreases,  and  there  can  be,  that  J<I,  where  I-  the  current  in 
pinch. 

Hence,  it  is  possible  to  conclude,  that  during  development  of  neck  there  are  the  extrusion  of 
a  current  from  it  on  pinch  periphery,  the  interception  of  a  current  by  its  corona,  that  is 
experimentally  shown  in  work  111. 
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Abstract 

This  paper  is  devoted  to  the  investigation  of  instability  evolution,  generated  neither  by 
initial  Z-pinch  outer  boundary  perturbation,  but  by  perturbation  in  initial  temperature  [1]. 

Treatment  of  this  process  was  developed  numerically,  using  2D  MHD  code  MAG  [2,  3] 

Obtained  results  show,  that  nevertheless  higher  modes  appear,  they  didn’t  become 
the  leading  modes. 

Introduction 

Nowadays  the  idea,  that  the  process  of  hot  spot  generation  is  the  consequence  of  the 
initial  perturbation  of  Z-pinch  boundary  evolution,  is  generally  accepted. 

But  in  some  experiments  the  phenomena  of  plasma  stratification  along  Z-pinch  axis 
was  found.  In  the  paper  [1]  the  condition  of  this  phenomena  appearance  has  been  ana¬ 
lyzed  and  the  hypothesis,  that  this  phenomena  is  caused  by  axial  perturbations,  appeared 
because  of  Ionization-temperature  instability,  has  been  discussed. 

The  present  paper  is  devoted  to  the  numerical  investigation  of  this  hypothesis. 

Brief  description  of  numerical  experiments 

A  number  of  calculations  with  varying  initial  values  of  variables  has  been  performed. 
Because  the  hypothesis  is  connected  with  instability  development  in  single  wire  the  corre¬ 
spondent  initial  data  has  been  used:  generator  current  of  200  kA  was  taken  and  assumed 
to  be  constant.  Initial  radius  of  wire  was  taken  to  10/im  (close  to  usial  experimental 
data).  By  ID  MHD  code  ERA  [4]  the  calculations  of  initial  time  of  electroexplosion  have 
been  conducted.  It  has  been  obtained  that  the  radius  of  expanded  wire  is  about  0.3  cm. 

By  2D  MHD  code  MAG  several  cases  of  wire  compression  have  been  analyzed: 

1.  It  has  been  supposed  that  wire  before  compression  is  homogeneous 

2.  Cold  core  existing  is  taken  into  account.  Therefore  the  density  profile  was  set  to 
p{r)  =  po  ■  rofr  and  temperature  T{r)  —  To  ■  rjro 

3.  Initial  density  and  temperature  distribution  at  the  time  of  maximum  expansion  was 
taken  from  ERA  code 

The  perturbation  in  temperature  was  taken  in  the  following  cases: 

-  in  the  form  of  sine  wave  per  z-direction  and  damped  exponential  as  far  as  penetration 
into  the  plasma. 
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-  composition  of  different  modes.  One  mode  was  taken  to  be  leading  (k=l)  and  next 
modes  (k=2,3,4,...)  were  added  to  the  leading  mode. 

For  all  cases  the  dynamics  of  processes  is  coincided  in  common  (see  Fig.l).  The 
instability  is  developing  due  to  different  pressure  of  plasma,  cavity  reaches  the  axis  (Fig.l, 
upper  pictures),  reflected  from  axis,  produces  two  shock  waves  propagating  in  opposite 
directions.  These  shock  waves  are  met  at  other  place  and  new  hot  spot  is  appeared  (Fig.l, 
lower  pictures).  The  processes  is  repeated  again.  During  current  period  the  plasma  is 
oscillated  several  times. 


r  (cm) 


Figure  2:  Minimum  and  maximum  radii  of  Z-pinch  outer  boundary  vs  time 


In  Fig.2  one  can  see  the  graph  of  minimum  and  maximum  radii  of  Z-pinch  outer 
boundary  versus  time.  It  characterizes  the  process  of  instability  growing.  At  the  initial 
time  difference  between  them  is  very  little,  after  Z-pinch  was  compressed  for  the  first 
time  it  almost  hasn’t  grown.  The  main  growing  of  instability  occurs  during  the  third 
compressing. 

The  time  dependence  of  modes  amplitude  vs.  time  is  shown  in  Fig. 3.  The  first  mode  is 
the  main  one,  the  other  modes  are  growing  in  time,  but  the  second  mode  is  growing  much 
faster  then  the  other  modes.  It  can  be  interpreted  as  the  modes  saturation  processes. 

Conclusion 

Some  calculations  have  been  conducted  for  the  hypothesis  analysis  of  ionization- 
temperature  instability  development  in  Z-pinch.  One  can  concluded  that  obtained  plasma 
column  oscillation  and  axial  motion  could  explain  the  hot  spot  motion  alone  the  axis  for 
these  parameters  of  wire  compression.  The  calculated  mechanism  of  modes  saturation 
could  help  in  analysis  of  observed  experimental  data  when  some  hot  spots  are  degenerat¬ 
ed  and  new  ones  are  arisen  but  in  smaller  quantity. 
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Figure  3:  Modes  amplitude  vs.  time.  Without  sign  -  main  mode,  circles  -  second  mode,  squares 
-  third  one,  triangles  -  fourth  one 
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Summary 

The  results  of  streak  camera  research  in  visible  and  x-ray  ranges  of  wavelengths  of  explosion 
of  thin  aluminium  wires  on  high  current  generator  with  amplitude  value  ~  200  kA  and  width  of  rise 
front  ~  50  ns  are  discussed. 

Introduction 

Despite  long-term  intensive  researches  of  fast  Z-pinches,  the  interest  to  them  is  not 
abated  up  to  present  time.  At  this  one  of  the  most  interesting  phenomena  in  plasma  of  such 
pinches  is  generation  of  "hot"  plasma  points  (PP)  with  extremely  high  values  of  density  and 
temperature. 

Now  the  accepted  one  is  the  apprehension  about  decisive  role  of  MGD'-instability  in 
generation  of  PP  in  high  current  pinches  [1],  according  to  which  PP  is  the  belts  of  a  plasma 
string,  developed  from  the  perturbation  of  its  border.  However  in  work  [2]  the  condition  of 
genesis  of  small-scale  axial  non-uniformity  in  electronic  density  and  temperature  of  a  uniform 
string  of  equilibrium  plasma  of  multicharge  ions  of  Z-pinch  were  considered  in  linear  approxi¬ 
mation  and  the  assumption  is  stated  that  these  perturbation  can  serve  initial  for  development 
of  belt  instability. 

In  this  work  the  preliminary  results  of  research  of  development  of  ionization-thermal 
instability  into  the  belt  one  are  presented. 

Experimental  results 

The  experiments  on  explosion  of  aluminium  wires  were  conducted  on  the  high  current 
generator  SIGNAL  with  inductive  energy  accumulator  [3],  which  after  modernization 
provided  in  load  amplitude  value  of  current  up  to  7  =  210  kA  with  rise  front  50  ns  and  voltage 
up  to  250  kV.  As  load  of  the  generator  aluminium  wires  with  diameter  20.. 30  pm,  length 
0.8  cm  and  high  initial  symmetry  were  used;  the  variation  of  a  diameter  of  a  wire  on  whole 
length  did  not  exceed  1  %. 

For  registration  of  a  space-time  picture  of  emission  of  a  plasma  string  (PS)  in  optical 
range  of  wavelengths  the  streak  camera  SFER-6  with  time  resolution  0.1  ns  and  space 
resolution  0.1  mm  was  used.  Dynamics  of  "hot"  PP  of  a  plasma  string  in  quantums  with 
energy  more  than  1  keV  was  investigated  by  a  technique  on  the  basis  of  x-ray  streak  camera 
RFR  with  time  resolution  0.9  ns  and  space  resolution  0.2  mm. 

Measuring  channel  both  techniques  included  streak  camera  in  mode  of  slot-hole  sweep 
and  slot-hole  chamber,  building  the  image  of  PS  on  the  photocathode  of  streak  camera.  The 
registration  of  the  2D  image  from  streak  camera  screen  was  made  on  photographic  film. 

‘MGD  stands  for  Magnet  Gas  Dynamics 
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In  the  Fig.  1  the  characteristic  working  photochronogram  of  evolution  of  PS  in  visible 
radiation,  and  in  the  Fig.  2  the  emission  of  PS  at  various  moment  of  time  is  presented.  Makes 
oneself  conspicuous  the  fact,  that  already  at  initial  stage  of  explosion  of  a  target  the  small- 
scale  non-uniformity  of  PS  emission  is  observed.  In  process  of  time  the  space  scale  of  non¬ 
uniformity  grows  up  to  1  ~  0.12. .0.15  cm. 


L _ J _ I _ I - 1 - ^ -  i, 

0  15  30  45  60  75 

Fig.  1 .  The  working  photochronogram  of  explosion  of  Al-wire  at  optical  range  of  wavelength 
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Fig.  2.  Emission  of  plasma  string  (in  relative  units)  at  different  points  of  time  t. 

The  characteristic  x-ray  photochronogram  of  Z-pinch  dynamics  is  shown  in  Fig.  3.  The 
sweep  duration  makes  1 00  ns,  the  beginning  of  the  sweep  lags  behind  moment  of  occurrence 
of  emission  in  optical  range  of  wave  lengths  by  7±3  ns.  Results  of  processing  of  the  photo¬ 
chronogram  show,  that  the  bursts  of  radiation  with  energy  of  quantums  hv  >  \  keV  from 
particular  PP  begin  after  30. .50  ns  from  moment  of  explosion  of  the  liner.  The  bursts  in 
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different  PP  occur  at  different  time,  the  characteristic  times  of  PP  life  make  several  ns.  From 
the  submitted  photochronogram  it  is  visible,  that  characteristic  space  scale  of  PS  non¬ 
uniformity  to  the  moment  of  emergence  and  subsequent  evolution  of  PP  makes  0.1. .0.1 5  cm. 


8  _  /,mm 


20  40  60  80  100  t,  nS 

Fig.  3  The  characteristic  x-ray  photochronogram  of  explosion  of  Al-wires 


Discussion  of  experimental  results 

We  shall  consider  electroexplosion  of  conductor,  assuming  uniformity  of  its  properties 
and  one  of  the  formed  plasma  both  along  length  and  on  cross-section. 

Let  at  the  moment  of  time  t  =  0  through  the  conductor,  described  in  radius  (cm), 
density  p  (g/cm^),  length  1  (cm),  conductivity  cr  (cm’'rQ'')  and  nuclear  weight  A,  the  current  1 
begins  to  flow  with  increase  rate  p  (A/s),  and  /?=const.  At  Vo  <  5,  where  5  is  the  skin  depth,  it 
is  possible  to  believe,  that  the  input  of  energy  in  conductor  occurs  evenly  on  the  whole 
volume,  what  has  a  place  for  the  conditions  of  the  conducted  experiments.  After  sublimation 
of  conductor  its  conductivity  decreases  and  the  skin  depth  increases.  Therefore  we  shall 
assume,  that  energy  input  in  products  of  explosion  occurs  also  evenly  in  volume.  Neglecting 
expansion  of  products  of  explosion  of  conductor  at  the  sublimation  stage,  we  shall  evaluate 
parameters  of  PS  to  the  moment  of  its  maximum  expansion,  characterizing  the  plasma  by 
some  average  (on  time  of  heating  and  mass)  temperature  T  (eV),  average  charge  of  ions  Z  and 
counting,  that  PS  border  moves  into  vacuum  with  threefold  speed  of  a  sourid.  The  beginning 
of  collapse  tc  will  be  tallied  with  a  condition  of  equality  of  pressure  of  plasma  and  the  pressure 
of  self  magnetic  field  of  current  in  PS.  Then,  using  condition  of  conservation  of  mass,  it  is 
possible  to  find  characteristic  time  of  expansion  in  the  form: 

Tc  =  2.5-\Q’ -{rolp)  ■  [r-p/^-(Z+l)]'^. 

In  turn  the  temperature  of  plasma  to  the  moment  of  time  tc  is  determined  by  joule 
heating  of  PS  with  Spitzer  conductivity: 

T  =  5.7-10-^  •  [A^lp  ■  (Z+1)]*^^  •  (y9//-c)'^, 

and  average  charge  of  ions  at  conditions  of  corona  balance  of  plasma  can  be  found  from 
equation  [3]: 

UIT=  •  (10''/7)^'^ 

where  n  is  the  main  quantum  number  of  a  shell,  ^  is  the  number  of  electrons  and  p  is  the 
number  of  vacancies  in  the  shell  «,  TJ  is  potential  of  ionization  of  an  ion  Z. 
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At  last,  the  radius  of  expansion  is  from  formula: 

r  =  5,4-10''  •  •  {Z+\f^  •  {ro/p)^'^. 

For  characteristic  parameters  of  the  discharge  of  the  SIGNAL  installation  P  = 
s  410‘^  A/a,  =  50  ns)  it  is  possible  to  find  in  case  Al-targets  with  Vo  =  10.. 16  pm  at  Z=6 
parameters  of  plasma:  T  =  28. .24  eV,  4  =  28. .42  ns,  r  =  0.3. .0.42  cm. 

For  obtaining  of  final  estimations  we  shall  use  work  [4],  according  to  which  in  close 
experiments  (by  parameters  of  the  current  generator  and  targets)  at  electroexplosion  of  wire 
the  "cold"  dense  nucleus  and  the  hot  plasma  corona  was  observed  during  long  time,  and 
approximately  3%  of  initial  mass  of  a  target  passed  into  corona.  It  is  equivalent  to  that  initial 
density  of  a  target  in  our  estimations  should  be  replaced  p  — >  0.03  p.  With  allowance  for  these 
the  estimations  will  become:  T  =  51. .44  eV,  =  7.. 10  ns,  r  =  0.09. .0.125  cm.  Accordingly  the 
density  of  plasma  will  make  p  =  (1 ..  1 .3)- 1 0’^  g/cm^. 

Using  these  results,  it  is  possible  to  evaluate  and  characteristic  scale  of  perturbations  to 
the  moment  of  maximum  expansion  of  PS,  proceeding  from  ideas  about  development  of 
ionization-thermal  instability  in  plasma  of  multicharge  ions  of  Z-pinch  [2].  Really,  according 
to  [2]  the  condition  of  development  of  this  type  of  instability  is  the  condition: 

K>ZppW^lif-A'\ 

where  ^  is  the  number  of  equivalent  electrons  in  state  with  main  quantum  number  n,  K  is  the 
wave  number.  From  here  for  characteristic  p,  T,  A  we  shall  obtain  characteristic  scale  of 
perturbations  at  the  beginning  of  compression  of  PS: 

A  <  Amax  ^  0.1 6. .0.1  cm. 

With  compression  of  PS  by  magnetic  field  of  current,  the  formed  axial  perturbations  in 
temperature  can  serve  initial  for  formation  on  their  basis  magnet  hydrodynamic  instabilities. 
At  this  from  whole  spectrum  of  initial  perturbations  with  A  <  Amax  only  that  can  be  developed 
in  "hot"  PP,  for  which  A  >  x  s  r,  where  x  is  radial  distance,  passed  by  a  thermal  or  shock 
wave,  r  is  radius  of  maximum  expansion  of  PS.  As  it  is  easy  to  see,  in  case  more  short-wave 
perturbation  there  will  be  the  overlapping  of  thermal  waves  on  large  radiuses  from  axis  of  PS 
due  to  thermoconductivity,  so  that  to  the  axis  of  system  the  practically  cylindrical  shock 
(thermal)  wave  will  approach,  not  forming  PP  on  the  axis.  It  is  possible  to  conclude,  that  PP 
will  be  formed  by  such  perturbations,  for  which  A  >  r. 

For  our  estimations  of  A  and  r  we  have  A  >  0.09.. 0. 125  cm.  Hence,  on  whole  length  of 
a  plasma  string  /  =  0.8  cm  there  can  be  formed  about  5. .8  "hot"  PP  at  convergence  along 
thermal  perturbations  shock  waves  to  the  axis  of  system,  that  is  in  fair  agreement  with  the 
submitted  experimental  results. 

Thus,  the  submitted  in  work  photochronograms  and  analysis  of  process  of  electro¬ 
explosion  of  aluminium  targets  specify  to  significant  role  of  ionization-thermal  instability  of 
plasma  of  multicharge  ions  of  Z-pinch  in  mechanism  of  generation  of  "hot"  plasma  points, 
which  can  become  decisive  for  targets  with  high  initial  symmetry.  Just  these  perturbations, 
instead  of  perturbations  in  geometry  of  a  plasma  string,  can  be  initial  for  development  of  belt 
instability. 

The  work  is  fulfilled  within  the  framework  of  project  #009-95  of  International  ScienceTechnology  Center. 
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Abstract 

A  load  structure  with  tailored  density  profile  which  delays  the  onset  of  the  Rayleigh- 
Taylor  instability  development  in  imploding  Z-pinches  by  inverting  acceleration  of  the 
magnetic  field/plasma  interface  is  proposed  and  studied  numerically.  This  approach 
makes  it  possible  to  start  gas-puff  implosions  from  large  radii  (like  8  cm)  and  produce 
significant  K-shell  yield  with  current  pulse  duration  of  250  ns  and  longer. 

In  plasma  radiation  sources,  Z-pinch  loads  are  imploded  to  convert  implosion  kinetic 
energy  to  soft  x-ray  radiation  [1].  Conventional  load  configurations  are  wire  arrays 
and  cylindrical  annular  gas  puflFs.  These  loads  are  imploded  by  the  magnetic  pressure 
which  is  produced  by  the  axial  current.  At  stagnation,  the  plasma’s  kinetic  energy  is 
thermalized  and  can  be  further  converted  to  K-shell  radiation. 

Rayleigh- Taylor  instability  of  a  pinch  plasma  accelerated  by  the  magnetic  field  is 
a  major  factor  limiting  PRS  radiative  performance.  Since  the  linear  growth  rate  of 
the  RT  instability  is  F  =  the  distance  L  traveled  by  the  plasma  shell  during  the 

implosion  is  related  to  the  ratio  A  of  final  to  initial  perturbation  amplitudes  according 
to  T  =  (lnA)^A/47r  (here,  g  is  the  inward  acceleration,  A  =  2x/A:  is  the  perturbation 
wavelength).  The  distance  L  available  for  acceleration  is  therefore  limited  by  the  RT 
instability:  e.g.,  for  a  wavelength  A  =  0.5  cm  and  amplification  A  below  1000,  L  must 
be  less  than  2  cm.  Having  started  from  a  larger  radius,  a  plasma  shell  would  not  arrive 
at  the  axis  in  one  piece  [4],  and  hence,  would  be  an  inefficient  radiator. 

To  produce  a  K-shell  yield  at  stagnation,  the  plasma  has  to  be  accelerated  to  high 
velocities  -  hundreds  to  thousand  km/s.  The  limitation  on  initial  raxlius  translates  into 
severe  requirements  on  the  design  of  the  pulsed  power  machine  driving  the  implosion. 
Suppression  of  the  RT  instability  imposing  this  limitation  would  make  it  possible  to 
implode  PRS  with  larger  radii  and  longer  implosion  times.  This  means  that  there  is 
a  considerable  potential  for  improving  radiative  performance  of  existing  machines  and 
that  new  parameter  ranges  will  be  open  for  the  next  generation  of  machines. 

The  RT  instability  could  be  mitigated  by  so-called  snowplow  mechanism  [2] 
responsible  for  enhanced  efficiency  of  double  puff  Z-pinch  loads  [3].  This  mechanism 
employs  superstability  of  the  shock  wave  driven  into  the  load  by  magnetic  pressure. 
Although  exponential  growth  of  the  RT  instability  at  the  magnetic  field/plasma 
interface,  once  it  starts,  is  not  suppressed  by  the  snowplow  mechanism,  the  stagnating 
front  part  of  the  load  is  perturbed  much  less  than  in  the  case  of  a  thin  shell.  For  this 
reason,  as  predicted  in  Ref.  4,  large  diameter  uniform-fill  loads  can  be  good  radiators. 
Recent  experiments  [5]  have  confirmed  the  viability  of  uniform  fill  loads. 

Here,  we  demonstrate  that  exponential  RT  growth  could  be  fully  suppressed  as  long 
as  a  shock  wave  propagates  into  a  load  with  an  appropriately  tailored  density  profile. 
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Efij}  thus  being  an  adiabatic  invariant  of  the  motion  (“number  of  quanta”).  RecalUng 
that  E  =  M\g\l(^ /2  and  w  =  \/\g\ll-,  where  M,  /,  and  i  are  ma^s,  length,  and  amplitude 
of  oscillations  of  the  pendulum,  respectively,  we  find  that  hence, 

the  mean-square  amplitude  (^)  grows  as  \g\~^^*  • 

Small-amplitude,  single-mode  perturbations  on  the  surface  of  an  incompressible 
fluid  in  a  time-dependent  gravitational  field  are  described  by  the  same  equation  as 
a  pendulum,  with  /  replaced  by  =  A/2x.  Solutions  of  this  equation  describe 
gravitation  waves  running  across  the  surface,  whose  amplitudes,  in  the  limit  t  — >  oo, 
follow  the  above  law  (^)  oc  \g\~'^^^  .  For  the  case  of  a  load  with  a  tailored  density  profile, 
a  similar,  relatively  slow,  non-exponential  perturbation  growth  is  predicted. 

Numerical  simulation  results  presented  below  have  been  obtained  with  the 
same  two-dimensional  magnetohydrodynamic  code  PRISM  (which  stands  for  Plasma 
Radiating  Imploding  Source  Model)  as  used  in  Ref.  4  and  in  previous  simulations  of 
X-pinch  and  Z-pinch  implosions  [6,  7].  The  physical  model  incorporated  into  this  code 
includes  electrical  resistivity,  separate  energy  equations  for  ions  and  electrons  which 
include  their  respective  thermal  conductivities,  and  lookup  tables  for  equation  of  state 
properties  and  radiative  power.  A  “local”  approximation  or  single  zone  opacity  and 
transport  scheme  is  used  for  the  radiation.  Argon,  was  the  only  material  considered 
in  the  simulations  discussed  here.  Initial  perturbations  were  seeded  as  small  random 
density  variations.  The  axial  length  of  the  computation  field  was  0.333  cm. 


Figure  2.  Radial  and  axial  kinetic  energies  vs.  time  for  a  load  a  with  a  tailored 
density  profile  imploded  with  a  constant  current.  Stagnation  occurs  at  t  =  250  ns. 

Figures  2  and  3  illustrate  the  numerical  results  obtained  for  constant  current  7  =  5 
MA  and  the  initial  density  of  the  load  shown  in  Fig.  1(b),  with  a  line  density  of 
300  /ig/cm.  The  usable  portion  of  the  imploding  plasma’s  kinetic  energy  is  its  radial 
kinetic  energy  KEri  whereas  its  axial  kinetic  energy  KE^  is  an  integral  measure  of 
perturbation  growth.  While  the  shock  wave  propagates  from  8  cm  to  2  cm,  compressing 
and  accelerating  the  load  mass,  the  acceleration  of  magnetic  field/plasma  interface  is 
inverted.  Thus  the  perturbations  run  across  the  back  surface  of  the  load  as  waves  with 
slowly  growing  amplitudes.  During  the  slow  growth  phase,  which  lasts  about  190  ns, 
KE^  behaves  exactly  as  expected,  see  Fig.  2.  Small-amplitude  waves  running  across 

-706- 


Therefore,  radii  of  the  structured  loads  and  the  corresponding  implosion  times  could 
be  increased  to  a  greater  extent  than  is  possible  even  for  uniform-fill  loads,  without 
sacrificing  the  implosion  quality. 

The  idea  of  this  approach  is  very  simple.  Let  magnetic  pressure  drive  a  shock  wave 
into  a  stratified  plasma  layer  with  increasing  density.  This  causes  the  shock  wave  to 
slow  down.  Since  the  magnetic  field/plasma  interface  also  slows  down,  the  effective 
gravity  vector  g  is  directed  from  the  magnetic  field  (massless  fluid)  to  the  plasma  [Fig. 
1(a)].  Once  there  is  no  light  fluid  supporting  a  heavy  fluid  in  a  gravitational  field, 
there  is  no  reason  for  exponential  growth  of  perturbations  of  the  interface  -  rather,  they 
would  oscillate.  Although  magnetic  pressure  continues  to  perform  work,  accelerating  an 
increasing  plasma  mass,  the  interface  feels  a  deceleration,  and  this  is  all  that  counts. 


0  2  4  6  8  10 

Radius  (cm) 


Figure  1.  (a)  Pl2isma  acceleration  inverted  by  the  tailored  density  profile,  (b)  The 
l/r^  initial  density  profile  used  in  the  simulation. 


As  an  elementary  example,  consider  a  snowplow  model  of  a  Z-pinch  imploding  a 
pleisma  density  profile  of  the  form  p  =  p(i{rlRo)~‘‘  truncated  at  r  =  iio,  with  s  >  2, 
by  constant  current  I.  This  model  assumes  that  the  plasma  is  collected  in  an  infinitely 
thin  shell  whose  radius  is  given  by  R{t).  Then  the  equation  of  motion  is 

d  dR  _  P 

dt  ^  dt  ~  ~c^R'  ^ 

where  /u  =  27r  p{r)rdr  is  the  line  mass  collected  by  the  shell.  Solving  Eq.  (1),  we 
find  the  effective  gravity  acceleration  experienced  by  the  shell: 


where  C  is  an  arbitrary  positive  integration  constant. 

Since  the  acceleration  g  in  Eq.  (2)  is  negative,  that  is,  directed  from  magnetic  field 
to  plasma,  we  expect  oscillations  instead  of  exponential  perturbation  growth.  It  does 
not  mean,  however,  that  perturbations  do  not  grow.  As  seen  from  Eq  (2),  for  s  >  3  , 
1^1  decreases  with  time.  Consider  a  pendulum  oscillating  in  a  decreasing  gravitational 
field.  Going  down  to  the  equilibrium  position,  the  pendulum  is  accelerated  by  a  stronger 
field  than  that  decelerating  it  after  it  passes  the  equilibrium  point  on  the  way  up.  The 
amplitude  of  its  oscillations  is  thus  increased.  We  can  evaluate  its  growth,  supposing 
the  gravitational  field  to  vary  at  a  sufficiently  slow  rate,  the  energy-to-frequency  ratio 
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the  back  surface  are  discernible  in  Fig.  3(a).  As  shown  in  Fig.  3(a),  the  plasma  shell 
remains  almost  cylindrical  during  the  slow  growth  stage.  Although  only  the  m  =  0 
modes  are  simulated  here,  the  same  -  and  for  the  same  reason  -  must  be  true  for  all 
perturbation  modes  and  all  wavelengths.  Similar  behavior  is  found  for  any  current 
waveform,  once  the  density  profile  has  been  appropriately  tailored. 


(a)  (b) 

100  nsec  250  nsec 


Radius  (cm)  Radius  (cm) 


Figure  3.  Density  contours  corresponding  to  slow  growth  phase,  t  =  100  ns  (a)  and 
rapid  growth  phase,  t  —  250  ns  (b)  in  Fig.  2. 

When  the  shock  wave  reaches  the  inner,  high-density  part  of  the  load,  and 
the  reflected  rarefaction  wave  transmits  decreased  pressure  to  the  back  surface,  its 
acceleration  is  inverted  again,  with  the  result  that  the  classical  RT  exponential  growth 
starts  to  distort  the  shell  at  the  back  surface.  If,  as  in  this  simulation,  the  inner  surface  is 
sufficiently  close  to  the  axis,  the  central  regions  of  the  implosion  could  remain  relatively 
unaffected  by  the  instability,  as  seen  in  Fig.  3(b). 

Suppression  of  the  RT  instability  by  inverting  acceleration  is  a  robust,  purely 
hydrodynamic  effect.  Formally,  there  are  no  limitations  on  its  efficiency,  and  one  can 
demonstrate  the  feasibility  of  implosions  generating  K-shell  yield  with  arbitrarily  large 
outer  radii  of  the  loads  and  arbitrarily  long  current  pulses.  In  fact,  the  density  in  the 
outer  layers  of  the  load  should  not  be  too  small  -  otherwise,  a  diode  regime,  beam 
generation  would  take  place  instead  of  an  implosion.  The  lower  limits  on  the  density  of 
the  load  and  on  the  level  of  the  gas  pre-ionization  have  yet  to  be  established.  A  practical 
method  of  tailoring  initial  density  profiles  (with  specially  designed  gas  puff  nozzles,  or 
otherwise)  should  also  be  developed.  One  can  hardly  doubt  ,  however,  that  efforts  and 
costs  required  for  this  development  would  be  minimal  compared  with  those  involved  in 
building  and  operating  major  pulsed  power  facilities. 
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ABSTRACT 

The  radiative  behavior  and  its  influence  on  the  energy  redistribution  of  a  dynamically 
imploding  current  driven  krypton  gas  puff  plasma  is  investigated.  Time  dependent  radiation 
magnetohydrodynamic  numerical  simulations  self-consistently  driven  by  a  circuit  equation 
are  carried  out  for  loads  that  remain  stable  to  the  Rayleigh-Taylor  instability.  The  circuit 
driving  the  load  is  represented  by  a  superclass  pulsed  power  generator  with  peak  short 
circuit  currents  of  between  60  and  100  mega-amperes.  The  loads  are  configured  either  as 
thin  annular  cylindrical  shells  or  uniform  cylindrical  fills.  The  results  suggest  a  class  of  load 
designs  leading  to  higher  density  on  axis  that  may  produce  enhanced  K-shell  yields. 

I.  INTRODUCTION 

Over  the  years  steady  progress  has  been  made  toward  enhancing  the  kilovolt  radiation 
conversion  efficiency  from  pulsed  power  driven  imploding  z-pinch  plasmas.  In  general, 
most  of  the  higher  kilovolt  yields  are  due  primarily  to  higher  currents  and  improved 
understanding  of  power  flow/load  coupling,  load  physics,  and  load  design.  However, 
higher  currents  alone  do  not  always  account  for  all  the  increases.  For  example,  an  array  of 
magnesium  coated  aluminum  wires  produced  almost  twice  as  much  K-shell  radiation  than 
either  pure  magnesium  or  aluminum  wire  arrays  on  the  same  pulsed  power  driver.  Higher 
current  into  a  properly  designed  load  should  generate  higher  magnetic  fields  leading  to 
greater  kinetic  energy  of  run-in  resulting  in  a  higher  compression  ratio  heating  the  plasma  to 
temperatures  that  produce  an  abundance  of  harder  kilovolt  radiation.  The  challenge  is  to 
design  loads  that  optimize  kilovolt  yields  while  minimizing  anticipated  shortcomings  due  to 
poor  choices  in  the  initial  conditions  such  as  mass  loadmg,  initial  radius  of  individual  wires 
as  well  as  array  radius,  circuit  design  so  that  peak  current  occurs  at  load  assembly,  pure  vs. 
mixed  element,  etc. 

The  purpose  of  the  present  investigation  is  to  evaluate  and  assess  the  effects  on  the 
implosion  dynamics  and  radiative  behavior  introduced  by  using  separate  electron  and  ion 
temperatures  and  a  time  dependent  Collisional  Radiative  ionization  model. 

II.  Model 

The  dynamics  of  z-pinch  plasmas  generally  exhibit  three  (and  sometimes  four) 
distinct  and  sometimes  overlapping  stages.  The  first  stage  is  the  initial  heating  and 
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expansion  phase  establishing  the  conditions  for  stage  two.  In  the  second  stage,  so  long  as 
the  current  discharge  continues,  the  implosion  is  driven  by  the  JxB  forces.  The  third  stage 
is  characterized  by  the  plasma  reassembling  on  axis  converting  kinetic  energy  of  run-in  to 
thermal  energy.  The  plasma  rapidly  heats  and  ionizes  to  ionization  stages  not  generally 
accessible  during  the  implosion  phase.  During  this  third  stage  the  newly  formed  hot  dense 
plasma  emits  an  intense  kilovolt  x-ray  pulse.  On  occasion,  a  final  and  fourth  stage  develops 
when  the  current  is  large  enough  to  maintain  plasma  confinement,  additional  heating  and 
compression  occurs  accompanied  by  additional  x-ray  production. 

The  numerical  simulations  presented  here  to  characterize  the  dynamics  of  a  radially 
imploding  Z-pinch  plasma  are  based  on  a  one-dimensional  two  temperature  multi-zone  non- 
LTE-radiation-magnetohydrodynamic  model,  DZAPP,  with  a  transmission  line  circuit 
model  for  the  driving  generator.^  The  system  of  equations  used  to  simulate  the  radiation 
magnetohydrodynamics  of  the  implosion  selfconsistently  driven  by  a  circuit  was  presented 
in  an  earlier  paper  and  will  not  be  duplicated  here.^  Tiie  equations  have  been  expanded  to 
include  the  effects  of  separate  electron  and  ion  temperatures  and  a  time  dependent  nonLTE 
collisional  radiative  model  to  describe  the  dynamics  of  the  manifold  of  atomic  states. 

The  current  profile  used  in  the  simulations  was  generated  from  a  voltage  waveform 
driving  a  circuit  equation  representative  of  a  number  of  Decade-like  modules  which 
produces  peak  short  circuit  currents  of  60,  80,  and  100  mega-amperes.  Obviously,  the 
current  that  actually  drives  the  load  is  significantly  less. 

Results 

Numerical  simulations  have  been  carried  out  to  determine  the  radiative  performance 
of  a  z-pinch  krypton  gas  puff  plasma  configured  as  either  a  thin  annular  shell  or  a  uniform 
fill.  The  radiative  yields  are  determined  as  a  function  of  mass  and  length  for  fixed  radii  for 
load  lengths  2  >  ^  >  5  cm.  The  choice  of  the  loads’  outer  radius  was  determined  from 
earlier  results  of  a  2-D  MHD  Rayleigh-Taylor  stability  analysis  suggesting  that  the  largest 
radius  for  a  stable  shell  is  about  3  cm  while  it  is  about  7  cm  for  a  uniform  fill.**  Recent 
preliminary  studies  of  structured  load  designs  suggest  that  by  profiling  the  initial  density  it 
may  be  possible  to  go  beyond  7  cm  radius  and  maintain  plasma  stability. 

For  a  uniform  fill  krypton  gas  puff  load  with  an  outer  radius  of  5  cm  and  a  length  of 
3  cm  driven  by  a  peak  short  circuit  current  of  60  mega-amperes,  a  comparison  is  made  of 
the  radiation  emitted  from  a  one  and  two  temperature  1-D  MHD  model  in  Collisional 
Radiative  Equilibrium  (CRE)  and  a  two  temperature  plasma  description  with  a  Time 
dependent  Collisional  Radiative  (CRT)  model.  The  K-shell  yield  (includes  all  radiative 
contributions  above  10  keV)  as  a  function  of  mass  is  shown  in  Figs.  1.  The  curves  are 
labeled  A,  B,  and  C  and  refer  to  one  and  two  temperature  CRE  and  two  temperature  CRT 
models,  respectively.  An  immediate  conclusion  is  that  the  driving  current  is  insufficient  to 
heat  the  plasma  to  K-shell  temperatures,  partly  because  of  the  enormous  radiative  cooling  in 
the  0-5  keV  regime.  The  difference  between  the  1  and  2  temperature  CRE  results  (curves  A 
and  B)  is  a  direct  consequence  of  the  hot  ions.  At  stagnation  the  hot  ions  carry  off  kinetic 
energy  that  would  otherwise,  in  a  one  temperature  scenario,  be  converted  into  K-shell 
radiation,  leaving  behind  a  less  dense  core  plasma.  That  is,  in  the  one  temperature 
approximation  more  energy  couples  into  the  core  producing  higher  densities  and  since  the 
radiation  is  proportional  to  Nf ,  the  total  yield  in  the  one  temperature  scenario  continues  to 
increase  until  the  plasma  becomes  to  massive  to  be  compressionally  heated  to  efficiently 
radiate  in  the  L-  and  K-shells.  In  addition,  in  the  two  temperature  CRE  case  the  electrons 
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must  first  equilibrate  with  the  hot  ions  and  only  then  can  they  re-excite  the  ions  possibly 
producing  radiation.  After  stagnation  the  plasma  cools  by  radiation  and  expansion, 
producing  a  cooler  residual  plasma  that  redistributes  the  radiation  to  lower  energy  photons 
in  the  L-  and  lower-  sub-shells. 

The  third  curve  labeled  C  on  Fig.  1  represents  the  results  from  a  fully  time 
dependent  simulation  (CRT).  This  is  important,  particularly  as  the  Z  of  the  load  increases, 
because  it  takes  time  to  ionize  up  into  the  higher  ionization  stages.  One  can  take  a  kind  of 
asymptotic  view  that  the  total  time  it  takes  to  radiate  from  the  K-shell  is  the  sum  of  the 
times  it  takes  for  the  ions  and  electrons  to  equilibrate  plus  the  ionization  to  the  K-shell  plus 
the  excitation  to  populate  excited  state  manifold  plus  the  radiative  decay  of  the  K-shell 
excited  state  manifold.  The  cumulative  sum  of  these  times  must  be  short  in  comparison  to 
the  post  stagnation  time  it  takes  to  cool  due  to  expansion  if  there  is  to  be  sufficient  time  to 
radiate  efficiently  from  the  K-shell.  The  time  dependent  two  temperature  CRT  K-shell  yield 
is  shown  on  Fig.  3  as  curve  C.  Including  time  dependence  reduces  the  K-shell  yield  by  a 
factor  of  about  10  below  the  2  temperature  CRE  results. 

The  variation  of  load  current  with  length  was  investigated  for  the  60  MA  case  for 
the  two  temperature  CRT  simulation  for  a  3  cm  10  mgm  shell  and  5  cm  5  mgm  uniform 
fill.  The  dotted  portions  of  the  curves  represent  extrapolations  to  smaller  lengths.  The 
variation  of  the  peak  load  current  with  length  is  substantial  both  for  the  shell  and  uniform 
fill.  For  example,  for  the  shell  configuration  the  peak  load  current  driving  a  3  cm.  long 
load  is  about  30  MA  compared  to  25  MA  for  a  5  cm.  long  load,  a  17%  decrease.  The 
results  indicate  that  for  shorter  loads  higher  peak  load  currents  are  achievable.  The  K-shell 
yield  is  shown  as  a  function  of  load  length  in  Fig.  2. 

Figures  3  compares  the  K-shell  yield  as  a  function  of  mass  between  a  3  cm  shell  and  a  5  cm 
uniform  fill  for  a  60  MA  driver.  The  load  length  is  3  cm  in  each  case.  The  K-shell  yield  of 
the  shell  is  consistently  higher  than  the  uniform  fill  by  at  least  a  factor  of  2  over  the  chosen 
parameter  space.  Finally,  Figure  4  compares  the  K-shell  yields  for  a  7  cm  uniform  fill  of  3 
cm  length  driven  by  peak  short  circuit  currents  of  60,  80,  and  100  MA.  As  mentioned 
earlier  the  total  yields  (L-  and  M-  shell)  are  impressive  and  have  not  changed  much  from 
our  earlier  simulations.  The  K-shell  yields  are  considerably  lower  by  orders  of  magnitude 
from  our  earlier  calculations  and  exhibits  improvement  as  the  peak  current  increases  from 
60  to  100  MA. 

Conclusions 

The  results  presented  here  clearly  demonstrate  the  necessity  of  including  separate 
electron  and  ion  temperatures  as  well  as  time-dependent  ionization  dynamics  in  order  to 
predict  reliable  K-shell  yields,  particularly  for  krypton  and  higher  atomic  numbered 
material  loads.  The  limited  but  systematic  survey  conducted  here  both  for  shells  and 
uniform  fills  show  that  as  one  moves  from  the  1-temperature  to  the  2-temperature  CRE 
simulations  the  K-shell  yield  falls  by  about  an  order  of  magnitude.  The  2-temperature  time- 
dependent  CRT  K-shell  simulations,  over  the  same  range  of  parameter  space,  are  reduced 
even  further  to  values  between  1  to  lO’s  of  kJ.  For  the  K-shell  thin  shells  still  radiatively 
out  perform  uniform  fills  at  the  same  radius.  However,  the  utility  of  the  uniform  fills,  and 
structured  loads  in  general,  is  that  they  can  stable  implode  at  larger  radii  and  can  compete 
radiatively  with  stable  shells.  It  is  also  worth  noting  that  the  yields  are  a  consequence  of 
machine  design  and  that  by  treating  the  generator  and  load  as  an  integrated  system  can 
result  in  higher  K-shell  yields. 
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Introduction 

There  is  a  great  variety  of  approaches  in  code  constructing,  which  are  used  now  for  plas¬ 
ma  flows  in  Megagauss  magnetic  fields  simulation.  Among  them  one  can  find  Lagrangian, 
Eulerian,  Lagrange-Eulerian  codes. 

In  this  paper  the  code  MAG  [1,  2]  for  plasma  modeling  in  arbitrary  moving  coordinate 
system  and  its  present  stage  of  development  are  presented.  Using  of  arbitrary  moving 
coordinate  system  allows  to  simulate  flows  with  large  deformations  inside  the  flow  region, 
conserving  the  correct  description  of  conditions  on  its  weakly  deformated  boundaries. 

Model 

The  system  of  equations  used  in  MAG  code  is  Braginskii  [3]  model  for  one-temperature 
case  (only  electron  temperature  is  taken  into  account) 
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All  variables  are  generally  accepted. 

The  heat  conductivity,  electrical  conductivity  coefficients  and  average  ion  charge  were 
calculated  using  the  tables,  which  had  been  proposed  in  the  paper  [4]. 


Brief  description  of  the  numeric  method 

The  initial  MHD  system  has  been  written  in  Cartesian  and  cylindrical  coordinate 
systems,  then  the  dependence  on  the  third  variable  has  been  eliminated.  After  this  it 
was  written  in  moving  coordinate  system.  The  received  in  such  manner  system  describes 
2D  plasma  flows  with  three  components  of  dependent  vector  variables:  mass  velocity 
and  magnetic  field.  This  system  has  been  splitted  into  two  systems:  hyperbolic  and 
parabolic.  The  explicit  TVD-type  difference  scheme  has  been  used  for  hyperbolic  system 
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and  implicit  Kershaw-type  scheme  has  been  used  for  parabolic  one.  The  linear  solver  has 
been  constructed  on  the  basis  of  ICCG  method. 

The  received  hyperbolic  system  is  solving  in  a  moving  coordinate  system.  There  are 
five  algorithms  for  coordinate  system  moving: 

•  the  Lagrange  one; 

•  the  Euler  one; 

•  a  local  algorithm  (new  coordinates  of  a  site  are  determined  by  the  coordinates  of 
four  neighbour  sites); 

•  an  algebraic  algorithm  (coordinates  of  inner  mesh  sites  are  determined  by  the  coor¬ 
dinates  of  the  boundary  sites); 

•  an  algorithm  of  mesh  constructing,  using  the  solution  of  Poisson  equation. 

These  algorithms  allow  to  perform  modeling  of  wide  range  of  MHD  flows: 

•  Plate  expansion  under  laser  radiation 

•  Plasma  -  wall  interaction  in  tokamak 

•  Z-pinch  instability  developing 


Some  examples  of  numerical  modeling 

In  this  paper  we  would  like  to  give  three  examples  of  modeling,  which  could  be  per¬ 
formed  using  the  presented  method. 

The  first  one  is  the  modelling  of  laser  beam  interaction  with  thin  aluminium  plate.  The 
modeling  was  performed  in  plane  and  axial  symmetry.  Initially  plate  of  50  micrometers 
thickness  with  density  of  2.7g/cm^  was  heated  by  laser  beam.  The  energy  was  absorbed 
in  the  density  range  from  3  •  10"‘‘g/cm^  to  3  •  10“^g/cm^.  The  plate  was  expanding,  and 
in  the  middle  of  the  expanded  area  the  hot  area  of  plasma  has  been  produced. 

The  problem  was  modelled,  taking  into  account  spontaneous  magnetic  field  (the  term 
^  .  Vp  in  the  equation  (1)  is  responsible  for  this  field).  The  magnetized  electrical 
conductivity  and  heat  conductivity  coefficients  were  taken  into  account. 

Results  are  presented  in  Fig.l.  One  can  easily  see,  that  while  taking  into  account 
spontaneous  magnetic  field,  maximum  temperature  in  plasma  fakel  is  1.5  times  larger 
than  without  its  accounting. 

Second  one  is  a  problem  of  modeling  of  plasma  -  wall  interaction  in  tokamak.  This 
modeling  was  performed  taking  into  account  external  magnetic  field,  and  without  mag¬ 
netic  field.  In  Fig.2.  one  can  see  the  results  of  this  modeling.  In  Fig.3  the  graph  of 
evaporated  wall  mass  with  respect  to  the  angle  for  two  cases  is  presented. 

The  third  one  is  the  compressing  of  initially  perturbed  gas  puff  Z-pinch  by  the  (p 
component  of  magnetic  field.  The  initial  conditions  are:  1.4  cm  gas  puff  with  density  of 
8  •  10“®g/cm^  and  temperature  of  10"^eV  was  compressed  by  magnetic  field,  produced  by 
linearly  growing  to  1.6  MA  for  the  time  of  100  ns  current.  In  the  second  calculation  pinch 
was  initially  rotated  (initial  value  of  mass  velocity  was:  =  10^  cm/sec). 

One  can  see  stabilizing  of  plasma  with  respect  to  rotation. 
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Conclusion 

Presented  in  this  paper  MAG  code  is  now  fastly  been  developing.  Now  the  authors 
are  working  on  the  radiation  transport  accounting.  We  plan  to  implement  in  the  nearest 
future  two-temperature  MHD  model. 
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Abstract 

The  focus  of  the  work  is  on  the  study  of  some  physical  mechanisms  connected  with 
Rayleigh-Taylor-type  MHD  instabilities  development.  We  compare  our  numerical  results 
with  experimental  data  obtained  at  High  Current  Electronics  Institute  (HCEI,  Tomsk)  [1]. 
Dependence  of  liner  stability  and  radiation  output  vs.  mass  of  liner,  its  initial  radius, 
cascade  scheme  has  been  investigated  in  Tomsk.  In  our  paper  we  try  to  explain  by 
ID  and  2D  MHD  modelling  the  obtained  experimental  data  and  to  analyze  the  role  of 
main  scales  determining  the  liner  implosion:  magnetic  field  penetration  into  the  body  of 
plasma,  heat-conductivity,  radiation  transfer.  Some  phenomena  are  investigated:  shock 
wave  motion,  ionization,  axial  plasma  motion  and  others.  For  double  gas  puff  the  collision 
of  outer  cascade  with  inner  plasma  is  investigated  in  detail. 

Introduction 

Presently  an  essential  efforts  went  into  the  description  of  the  problem  of  the  MHD 
instability  of  the  gas  puff  implosion.  The  Rayleigh- Taylor  (RT)  instabilities  are  the  first 
obstacle  to  obtain  homogeneous  plasma  column.  The  RT  instability  problem  has  not  been 
solved  up  to  now.  In  papers  [2,  3]  it  is  supposed  that  multilayer  gas  puff  has  an  internal 
property  of  suppressing  MHD  instability. 

In  this  paper  the  MHD  model  is  used  to  analyze  processes  of  RT  instability.  There  are 
several  mechanisms  which  could  be  studied  by  MHD  and  play  an  essential  role  in  liner 
implosion:  thermal  wave  from  plasma  current  heating,  radiating  effects  cooling  plasma, 
structure  of  observed  shock  wave,  etc. 

The  numerical  modelling  is  carried  out  by  ID  MHD  code  ERA  [4]  and  2D  MHD  code 
MAG  [5].  Radiation  effects  in  MAG  code  are  treated  in  optically  thin  plasma  approxima¬ 
tion  (bremsstrahlung  loses  of  energy).  ERA  allows  to  take  into  account  radiation  transfer 
in  continuum  and  line  spectrum.  That  permits  to  specify  the  results  of  2D  calculations. 

Different  Liner  Configurations 

A  series  of  calculations  were  carried  out  for  GIT-4  parameters:  current  with  an  ampli¬ 
tude  of  1.6  MA  with  front  duration  of  100  ns  [1].  Then  current  assumed  to  be  constant. 
Several  cases  are  considered  for  Argon  load: 

1.  one-cascade  puff;  m  =  31  /xg/cm  (only  ID);  tq  =  1.4  cm; 

2.  one-cascade  puff;  m  —  61  (ID)  and  50  ygicm  (2D);  tq  =  1.4  cm; 

3.  one-cascade  puff;  m  =  154  (ID)  and  250  //g/cm  (2D);  tq  =  1.4  cm; 

4.  one-cascade  puff;  m  =  61  (ID)  and  50  ^g/cm  (2D);  ro  =  4  cm; 

5.  double  puff;  inner  cascade:  m,n  =  61  (ID)  and  50  /ig/cm  (2D);  r,„  =  1.4  cm; 

mass  between  inner  and  outer  cascades  minter  —  20  (ID)  and  9  yg/cm  (2D)  1.4  cm 

<  Hnter  <3.96  cm  (ID)  and  3.5  cm  (2D);  outer  cacsade:  mout  =  10  (ID)  and  15  yg/cm 

(2D);  rout  =  4  cm. 
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K-shell  radiation  yield  obtained  by  ERA  code  for  these  cases  is  slightly  correlated 
with  Oreshkin’s  results  presented  in  paper  [1]:  there  is  a  maximum  of  the  yield  for  single¬ 
cascade  gas  puff  with  50  /^g/cm  and  initial  radius  of  1.4  cm  (case  2).  It  is  interesting  to 
note  that  the  effects  of  temperatures  of  electrons  and  ions  distinction  play  an  important 
role  for  light  liner  (case  1).  ID  and  2D  results  are  summarized  in  Table  1.  In  ID  results 
the  heavy  liner  is  compressed  very  late  and  due  to  constant  current  could  not  expand. 
Therefore  the  ID  results  of  the  case  are  incorrect. 

Table  1:  Summarized  results  for  different  cases.  CR  -  compressed  ratio  as  it  is  looked  in 
a  pinhole  picture  (the  result  has  been  obtained  by  corresponding  computer  code),  TOI  - 
time  of  implosion  (ns),  TASW  -  temperature  after  shock  wave  (eV),  TAMC  -  temperature 
at  maximum  compression  (eV),  MFDL  -  magnetic  field  diffusion  length  (mm)  at  the 
beginning  of  implosion  (for  double  gas  puff  second  digit  is  the  MFDL  in  inner  cascade) 


Case 

CR 

TOI 

TASW 

TAMC 

MFDL 

1 

9 

no 

80 

800 

1.5 

2 

14 

120 

60 

1750 

2.5 

3 

10 

230 

40 

1650 

5.5 

4 

8 

210 

100 

600 

2 

5 

15 

290 

20 

2300 

3.5  (1.5) 

Hot  Spot  Formation  in  Light  and  Heavy  Liners 

Using  2D  code  MAG  the  instability  development  was  studied.  For  the  investigation 
one  need  to  set  the  source  of  nonhomogeneous.  It  has  been  supposed  that  small  region 
(~50%  in  z-direction  and  ^5%  in  r-direction)  near  upper  boundary  has  smaller  density 
(~  5  ^  10%) 

The  study  showed  the  difference  in  dynamics  of  light  and  heavy  liners  implosion  (see 
Fig.l).  For  light  liner  the  surface  modes  of  RT  instability  are  dominated  and  for  heavy  one 
the  surface  mode  is  transformed  to  the  instability  developing  inside  plasma  (volumetric 
mode).  This  phenomena  is  connected  with  the  penetration  of  magnetic  field  which  is 
higher  for  heavy  liner.  The  heat  conductivity  is  lower  due  to  lower  temperature  and 
higher  density. 

Calculated  dynamics  of  hot  spot  formation  in  the  case  of  light  liner  is  quite  ordi¬ 
nary  (Fig.l,  upper  two  pictures):  the  shock  wave  propagates  to  the  axis  and  heat  wave 
propagates  ahead  shock  wave  due  to  high  heat  conductivity.  As  a  result  small  hot  spot  is 
formed.  This  hot  spot  -  hot  dense  region  radiates  intensive  without  significant  absorption. 

The  hot  spot  formation  for  heavy  liner  is  more  complicated  (Fig.l,  middle  and  lower 
pictures):  because  of  the  magnetic  field  penetration  the  strong  shock  wave  runs  away 
from  the  plasma  edge  (Fig.l,  middle  pictures)  and  then  reaches  the  axis.  As  a  result  hot 
spot  is  formed  (Fig.l,  lower  pictures)  but  it  is  not  so  hot  and  dense  comparing  to  the  case 
of  light  liner.  This  can  be  interpreted  in  the  following  way.  First,  only  a  small  part  of 
liner  mass  is  involved  into  the  spot  formation,  second,  shock  wave  is  not  so  intensive  (has 
lower  velocity),  third,  an  axial  motion  of  plasma  is  significantly  higher.  Plasma  radiates 
in  heavy  liner  from  two  regions:  1)  hot  spot  and  2)  hot  region  near  plasma  edge.  The 
radiation  from  hot  spot  is  absorbed  effectively  in  cold  dense  neighbors  regions.  It  could 
be  the  possible  explanation  of  decreasing  of  radiation  output  in  heavy  liners.  Hot  region 
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near  plasma  edge  is  formed  due  to  Joule  heating.  Because  of  low  density  the  radiation 
yield  is  not  great.  The  final  stage  of  hot  spot  formation  is  connected  with  two  shock  waves 
propagation  in  opposite  direction. 

Double  Gas  Puff  Dynamics 

The  goal  of  multilayer  liner  using  is  instability  suppression.  It  is  supposed  that  a 
collision  between  outer  accelerated  layer  and  inner  one  (which  is  keeping  without  motion 
up  to  the  time  when  magnetic  field  reaches  inner  liner  due  to  diffusion)  can  provide  the 
suppression.  The  outer  liner  in  Tomsk  experiment  has  lower  mass  and  is  a  subject  of 
instability.  The  calculated  mechanism  of  instability  suppression  during  shell  collision  is 
the  next:  the  cavity  of  pertubated  outer  shell  reached  inner  shell  and  then  the  hot  region 
is  formed  (temperature  increases  from  98  eV  up  to  195  eV).  Then  heat  wave  is  moving 
fast  mainly  alone  the  edge  of  inner  shell  and  heats  the  upper  edge  of  inner  shell.  At  the 
moment  the  magnetic  field  continues  to  press  the  liner  and  therefore  more  uniform  (in 
z-direction)  shock  wave  propagates  to  the  axis. 

We  estimated  only  the  experimental  data  of  outer- to-inner  mass  ratio  rj  —  mouter  liT^inner 
<  0.3.  One  need  to  investigate  other  range  of  t]. 

Spontaneous  Magnetic  Field  Influence 

To  investigate  the  effect  of  spontaneous  magnetic  field  influence  on  hot  spot  formation 
the  term  ^  ^  •  [Vp  x  Vp]  has  been  added  to  the  equation  of  magnetic  field  diffusion. 
Results  of  calculation  with  and  without  this  term  differ  slightly.  Temperature  increases 
from  1.72  keV  to  1.89  keV  at  maximum  compression,  but  the  symmetry  of  implosion  is 
disrupted.  The  influence  for  other  data  will  be  studied. 

Conclusion 

In  a  future  we  plan  to  investigate  the  role  of  Hall  effect  in  the  frame  of  Electron 
MHD,  develop  2D  radiation  transfer  code,  two-temperature  model,  develop  hybrid  code 
(MHD-t-PIC)  to  study  the  effects  of  fast  particles  motion. 
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Abstract 

The  magnetic  Rayleigh-Taylor  (RT)  instability  has  been  predicted^  and  observed^  to 
cause  break-up  of  the  plasma  sheath  in  imploding  z-pinches.  In  ^is  work  we  show  that,  for  the 
type  of  density  profile  encountered  in  strongly-radiating  pinches,  instability  at  very  short 
wavelengths  grows  to  the  non-linear  stage  and  seeds  progressively  longer  wavelengths.  The 
result  is  a  self-similar  broadening  of  the  sheath  as  found  for  mix  layers  in  fluid  RT  unstable 
systems^. 

Introduction 

The  development  of  RT  instability  m  imploding  pinches  is  intimately  tied  to  the 
evolution  of  the  density  profile,  as  can  easily  be  seen  from  the  expression  for  the  growth  rate  of 

localized  modes  ,  y  =  sJg-Vhip  where  g  is  acceleration  and  p  is  the  density.  From  this  it  is 
apparent  that  the  steepness  of  the  density  profile  (where  the  acceleration  and  gradient  are  in  the 
same  direction)  controls  the  severity  of  the  instability.  For  annular  pinches  with  radially-inward 
acceleration,  the  unstable  region  is  in  the  outer  portion  of  the  plasma  sheath  where  the  density 
decreases  with  radius. 

If  the  imploding  plasma  sheath  remains  at  low  pressure  (P  «  due  to  radiative 

cooling  and  if,  for  the  moment,  we  ignore  the  effects  of  instability,  the  density  profile  will 
develop  a  sharp  outer  edge^.  This  behavior  has  been  found  in  ID  radiation-MHD  simulations  of 
pinches  and  can  be  understood  on  simple  physical  grounds.  Consider  a  time  during  the 
implosion  at  which  the  current  has  diffused  through  the  edge  plasma,  and  assume  constant 
resistivity  for  simplicity.  The  current  density  in  the  edge  will  then  be  roughly  uniform.  If  the 
scales  we  are  considering  are  small  compared  to  the  pinch  radius,  the  edge  region  will  also  have 
nearly  uniform  ma^etic  field  (or  a  field  that  increases  with  radius).  The  JxB  force  density  will 
then  be  roughly  uniform,  or  raiaUy  increasing  in  this  region.  If  the  pressure  is  low,  then  the 
plasma  respond  to  the  JxB  force  by  accelerating,  with  much  greater  acceleration  in  the  low 
density  portions  of  the  plasma.  The  differential  acceleration  leads  to  steepening  of  an  initially- 
diffuse  profile,  with  the  process  continuing  until  the  profile  is  so  steep  that,  even  though  the 
pressure  is  low,  the  pressure  gradient  is  of  order  the  JxB  force.  We  can  relax  the  constant 
resistivity  assumption,  which  increases  the  effect  for  plasma  liners,  i.e.,  low  density  plasma 
wiQ  ohmically  heat  faster  and  radiStively  cool  more  slowly,  so  it  will  tend  to  become  hotter,  and 
in  the  Spitzer  regime,  a  better  conductor.  The  low  density  plasma  will  then  carry  more  current 
and  undergo  even  greater  differential  acceleration.  At  sufficiently  low  density,  the  plasma  may 
not  behave  Spitzer-like  due  to  anomalous  resistance  (e.g.  from  lower-hybrid  drift  instability), 
and  the  steepeiting  effect  will  be  relaxed.  In  the  following,  we  neglect  Ais  effect,  i.e.,  assume  it 
occurs  at  negligibly  small  density. 

Within  a  few  ALfven  transit  times  for  the  edge  (« implosion  time,  typically),  a  state  is 

reached  where  the  density  falls  to  zero  on  a  spatial  scale  5  =  Cs^/g  where  Cs  =  sound  speed. 

For  imploding  loads  approximately  a  centimeter  in  radius  driven  by  the  Saturn  accelerator  at 

Sandia  National  Laboratory^,  g  is  of  order  10^5  cm/sec^  so  6  ~  10  pm  x  (ZTe+Ti)/A  =  75  pm 
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for  a  sheath  with  Te  =  Ti  =  50  eV,  Z=5,  A=40.  For  annular  loads,  the  total  sheath  thickness  is 
given  by  the  resistive  skin  depth  which  is  about  a  millimeter  for  the  Saturn  case,  so  the  sheath 
tends  to  a  profile  with  an  outer  edge  an  order  of  magnitude  sharper.  Recent  linear  theory  has 
shown  that  these  profiles  are  unstable  to  a  surface  mode  that  is  not  stabilized  by  resistivity^. 
There  is  also  a  simple  physical  picture  for  the  absence  of  resistive  stabilization.  Consider  a 
sharp  boundary  plasma  sheath  undergoing  magnetic  acceleration.  If  the  sheath  is  very  resistive, 
the  current  is  initially  uniformly  distribute  however  if  we  perturb  the  surface  of  the  sheath  the 
current  density  is  necessarily  higher  where  the  surface  curves  inward  and  lower  in  the 
outwardly  curved  regions  to  satisfy  current  conservation.  The  higher  current  density  region 
experiences  greater  JxB  force  and  so  drives  even  further  inward  with  the  converse  ttue  for  the 
low  current  density  region.  The  growth  rate  turns  out  to  be  the  same  as  if  the  plasma  were  a 

perfect  conductor.  The  surface  modes  can  therefore  become  unstable  at  short  wavelengths,  X,  = 

2jt/k  «  magnetic  skin  depth  and  even  X  «  6,  with  growth  rate  T^(kg)  At  very  short 
wavelengths  the  mode  may  be  stabilized  by  viscosity  or  finite  gyroradius  effects.  For  the 
example  parameters  above,  and  at  a  typical  Saturn  accelerating  field  strength  of  4x10^  Gauss, 
the  ion  gyroradius  is  ri  =  2.3  jim.  Finite  gyroradius  effects  can  enter  when  kri  ~  1,  or  at 

wavelengths  of  10  -  15  pm.  Viscosity  limits  are  of  similar  magnitude.  Modes  with  X  =  15  |im 
will  exponentiate  of  order  100  times  during  the  implosion,  indicating  strong  nonlinearity  should 
develop. 

Simulations 

We  have  done  2D  MHD  simulations  to  study  the  nonlinear  development  of  the  modes, 
starting  with  a  sheath  in  hydrodynamic  equilibrium  with  uniform,  steady  acceleration  and 
resistive  equilibrium  (uniform  current  density).  The  curvature  of  the  sheath  is  neglected  for 
simplicity.  The  model  profiles  are  given  by: 


T  =  const. 


A  = 


These  profiles  become  invalid  at  x  =  A,  reflecting  the  fact  that  sheath  solutions  are 
inherently  time  dependent.  They  are  useful,  however,  for  studying  modes  with  wavelengths 
short  compared  to  A  since  we  can  vary  the  resistivity  without  affecting  the  unperturbed  profile 

and  mode  growth  occurs  more  rapidly  than  the  rate  of  change  of  A  for  a  time-dependent  sheath 
solution.  A  square  70  x  70  mesh  is  used  with  reflecting  boundary  conditions  in  z.  The  code 
takes  a  Lagrangian  step  and  the  mesh  is  rezoned  to  the  initial  mesh  each  cycle,  so  the  calculation 
is  effectively  Eulerian.  The  linear  growth  of  short  wavelength  surface  modes  is  observed  with 
growth  rate  independent  of  resistivity,  in  agreement  with  the  analytic  theory^.  The  temperature 
and  resistivity  are  held  fixed,  with  the  dimensionless  resistivity  appearing  in  linear  theory, 

- ).  Typically  p  ~  1  for  Saturn 

Anpo 

implosions,  so  we  have  done  simulations  with  p  =  0.1, 1.0 , 10.  to  cover  the  relevant  range. 
The  value  of  5/A  =  0.1  was  held  fixed  for  all  simulations,  and  the  equilibrium  is  initially 
perturbed  with  a  random  velocity  perturbation  of  peak  magnitude  lO’^Cs- 


2 ,  set  to  a  range  of  values  ( ^ 
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The  non-linear  development  is  analogous  to  fluid  RT  behavior^.  Short  wavelength 
modes  saturate  when  the  amplitude  is  a  fraction  of  the  wavelength,  and  drive  longer  wavelength 
modes.  These,  in  turn,  drive  even  longer  wavelengths  until  the  scale  is  of  order  the  size  of  the 
simulation.  The  characteristic  perturbation  scale  and  depth  of  the  "mix  layer"  where  plasma  and 
accelerating  magnetic  field  become  intermixed  is  roughly  proportional  to  gt^,  with  little  memory 
of  initial  conditions.  Variation  of  the  resistivity  over  2  orders  of  magnitude  about  the  typical 

value  for  Saturn  had  small  effect  on  the  scaling.  Figure  1  shows  results  for  the  case  with  |i,=l. 

In  Fig.  2,  the  "mix  depth"  is  plotted  for  the  case  p.=l.  The  mix  depth  is  defined  (for 
numerical  convenience)  as  the  distance  one  would  have  to  "dig"  into  the  unperturbed  profile  in 
order  to  produce  the  mass  displaced  to  x<0  by  the  turbulent  flow.  Comparison  with  the  z- 
averaged  profiles  indicates  that  significant  deviations  from  the  ori^al  profile  extend  about  a 
factor  1 .7  times  the  mix  depth  defined  in  this  way.  With  this  multiplier,  the  mix  penetration 
depth  for  the  light  fluid  (vacuum  magnetic  field)  into  the  heavy  fluid  (plasma)  scales  as  .026 
gt^,  in  comparison  with  .042  gt^  found  for  2D  simulations  of  classically  RT  unstable,  sharp 

boundary  fluids^.  Calculations  with  p.=  0.1  and  10.  give  the  same  value  for  the  mix  penetration 
depth  to  accuracy  similar  to  that  shown  in  Fig.  2.  It  will  be  important  to  extend  these 
calculations  to  the  case  where  the  simulation  domain  and  mix  region  extend  to  scales  larger  than 

the  sheath  edge  scale  height,  6.  Given  that  at  long  scales  the  system  more  closely  resembles  the 
classically  unstable,  sharp-boundary  case,  it  seems  likely  that  the  penetration  depth  scaling  as 
gt^  will  persist. 

Conclusions 

The  2D  resistive  magnetohydrodynamic  calculations  reported  here  show  that  density 
profiles  expected  for  imploding,  radiating  pinches  are  unstable  to  RT  modes  at  very  short 
wavelengths.  The  short  wavelengths  grow  to  nonlinear  amplitudes  at  early  times,  then 
stimulate  longer  wavelength  modes  resulting  in  self-similar  growth  of  a  mix  region  between 
plasma  and  the  accelerating  field.  The  behavior  is  similar  to  that  of  classically-unstable  fluids 
and  appears  to  be  insensitive  to  the  resistivity. 

Since  the  implosion  distance  also  scales  as  gt^,  one  might  expect  the  turbulently- 
broadened  sheath  width  at  the  time  of  stagnation  to  scale  proportion^  the  initial  pinch  radius, 
e.g.  sheath  width  ~  stagnation  radius  ~  0. 1  x  initial  radius.  One  complicating  factor  occurs 
when  the  RT  growth  is  sufficiendy  large  that  low  density  "bubbles"  break  completely  through 
the  sheath  and  rapidly  implode  to  the  axis.  In  general,  simulations  including  the  complete 
geometry,  self-consistent  circuit,  energy,  magnetic  field  and  radiation  transport  are  required  to 
account  for  the  bubble-breaking  and  other  complexities.  The  present  work  may  provide  a  guide 
for  establishing  physically-reasonable  initial  perturbation  levels  for  more  complete  calculations. 
Such  calculations  usually  lack  the  resolution  to  follow  the  turbulent  cascade  from  microscopic 
scales  early  in  time  to  the  macroscopic  scale  flows  that  are  well  resolved . 
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Abstract 

It  has  been  shown  experimentally  that  wire  explosion  is  connected  with  cold  core 
formation  and  leads  to  a  complex  profile  of  magnetic  field  [1,  2].  The  focus  of  the  paper  is 
the  attempt  to  analyze  this  phenomena  by  numerical  modelling.  A  series  of  calculations 
has  been  carried  out  using  ID  radiation  Lagrangian  MHD  code  ERA  [3].  The  model  has 
been  developed  and  the  influence  of  different  terms  including  into  the  model  has  been 
analyzed. 

Task  Statement  and  ID  Model 

All  presented  results  have  been  obtained  by  ERA  code.  The  equations  describing 
ERA  two-temperature  MHD  model  are  published  in  papers  [3,  4]  include  two-temperature 
MHD,  radiation  transport  equations  for  lines  and  continua,  ionization  state  variations,  a 
host  of  tables  for  EOS,  transport  coefficients  etc. 

The  current  driving  the  wire  explosion  has  the  triangle  form  with  front  duration  of 
50  ns,  decay  duration  of  150  ns  and  maximum  amplitude  of  210  kA.  These  parameters 
are  close  to  experiments  on  wire  implosion  with  small  generator  using.  Initial  diameter 
of  aluminum  wire  was  chosen  20  ym. 

Three  different  cases  have  been  considered  (refer  to  phenomena  determining  the  mod¬ 
el); 

1.  Microturbulence  effects  were  not  taking  into  account 

2.  Accounting  microturbulence  effects  and  anomalous  transport  coefficients  due  to  ion- 
acoustic  and  lower-hybrid-drift  microinstabilities  development 

3.  Previous  case  plus  accounting  of  mixing  of  ion  components  including  neutral  atoms 


Magnetic  Field  Profile 

Results  of  calculation  in  the  frame  of  model  corresponding  to  the  first  case  show 
that  magnetic  field  is  concentrated  in  very  thin  skin  layer  and  prevent  the  expansion  of 
plasma  on  wire.  Maximum  of  expansion  for  this  case  is  about  150/zm.  It  is  in  contrast 
with  existing  experimental  data  on  wire  explosion.  Accounting  of  anomalous  transport 
decreasing  the  electrical  conductivity  in  a  coronal  region  and  leads  to  the  increasing  of  the 
magnetic  field  penetration  depth.  Therefore  plasma  expands  up  to  3-j-5  mm.  Because  of 
anomalous  effects  the  conductivity  in  coronal  region  is  much  smaller  that  in  core.  Growing 
current  generates  the  magnetic  field  which  penetrates  into  the  core  and  freezes  into  the 
central  part  of  wire.  This  field  prevents  imploding  inner  region  of  wire.  After  50  ns  current 
begins  to  fall  and  boundary  condition  for  magnetic  field  determinates  the  complex  profile 
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Figure  1:  Magnetic  field  profile 


J,  MA/cm^ 


Figure  2:  Density  of  current  profile 


of  magnetic  field  as  it  is  shown  in  Fig.l.  In  the  coronal  region  the  current  flowing  in 
opposite  direction  appeares  (see  Fig. 2) 

Cold  Core  Formation 

Long  existence  of  cold  core  could  be  explained  by  the  formation  of  weakly  ionized 
steam  region.  The  steam  region  prevents  heating  of  central  core  by  radiation  and  electron 
heat  conductivity  (’’screening”  effect).  Corresponding  results  are  shown  in  Fig. 3.  They 
have  been  obtained  taking  into  account  of  mixing  with  neutral  atoms  and  without  it. 
Second  case  (without  neutrals)  has  been  realized  by  supposing  that  minimal  charge  could 
not  be  smaller  that  1. 

In  Fig. 4  one  can  see  the  evaporated  portion  of  wire  mass  vs.  time  for  these  two  cases. 
The  bound  of  evaporated  matter  has  been  calculated  in  suggestion  of  steam  density  of 
p  —  10“^g/cm^. 

Radiation  play  an  essential  role  in  wire  dynamics  (radiation  loses  is  about  60-^80% 
from  realized  energy  on  wire).  Line  radiation  is  about  30%  from  total  yield  (plus  bremm- 
strahlung  and  recombination  radiation).  Mainly  the  coronal  region  radiates  and  it  deter- 
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Figure  3:  Cold  core  formation.  Solid  line  -  accounting  of  mixing  of  ion  components  including 
neutral  atoms,  dashed  line  -  without  accounting 


Figure  4;  Portion  of  evaporated  mass  vs.  time.  Solid  line  -  with  accounting  of  mixing,  dashed 
-  without  one 


mins  the  temperature  of  this  region. 

Conclusion 

It  has  been  found  that  cold  core  formation  is  connected  with  1)  microturbulence  ef¬ 
fects  consideration;  2)  accounting  of  mixing  of  ion  components  including  neutral  atoms; 
3)  frozen  magnetic  field  in  the  stage  of  pinch  swelling  4)  ’’Screening”  effect  by  weakly 
ionized  steam  region. 

One  needs  to  continue  the  investigation  and  to  analyze  these  processes  by  2D  code  for 
real  hot  spot  forming.  It  is  interesting  to  study  this  phenomena  in  the  frame  of  Electron 
MHD  [5]. 
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Abstract.  Numerical  modelling  of  fast  Z-pinch  dynamics  which  allows  for 
effects  of  electron  magnetohydrodynamics  (EMHD)  is  discussed;  of  these,  the 
most  important  manifestation  proves  to  be  nonlinear  convective  penetration  of 
field  (current)  into  the  plasma  of  Z-pinch.  This  highly  nontrivial  dynamics  can 
be  modeled  using  a  relatively  simple  modification  of  of  the  diffusion  equation  for 
magnetic  field.  Two  models  of  this  type  are  suggested  —  for  a  one-scale  pinch  and 
for  a  thin  liner.  As  a  consequence,  this  opens  possibility  of  numerical  modelling 
of  processes  that  involve  the  effects  of  EMHD  on  the  basis  of  reliable,  simple  and 
well-operating  MHD  codes. 

Introduction.  In  this  paper,  we  consider  some  features  of  current  /field 
penetration  into  the  plasma  of  pulsed  systems.  To  study  these  plasmas,  the 
MHD  numerical  models  are  the  most  popular  based  on  both  the  field  frozen  in  a 
substance  and  diffusion  of  the  field  which  is  governed  by  a  conventional  equation. 
However,  in  a  broad  range  of  parameters,  to  wit. 


e  1  ^Ae  J  j 7  7 

(1) 

(2) 

^i^peiPBe  ^  j  ^pi  •)  PBi') 

(3) 

not  conventional  MHD  but  electron  magnetohydrodynamics  (EMHD)  [1,2]  is 
valid.  Here,  a  and  r  are  space  and  time  scales  of  the  problem,  respectively; 
all  the  other  terms  are  conventional.  One  of  the  important  EMHD  results  is  that 
nondiffusive  penetration  of  a  magnetic  field  into  a  weekly  inhomogeneous  plasma 
should  occur.  It  was  shown  that  this  process  could  be  described  by  the  equation 

dB/dt+  (c/87re)[V5^Vn-^]  =  {c^  (4) 

which,  in  turn,  converts  to  the  Burgers’  equation  and  then  can  be  exactly  inte¬ 
grated.  As  a  consequence,  it  turns  out  that  the  magnetic  field,  depending  on  the 
topology  of  the  (B,  Vn)  triplet,  can  either  be  locked  in  a  boundary  layer  of 
finite  thickness  or  penetrate  into  the  plasma  as  a  nonlinear  travelling  wave  [10]; 

B{z,t)  =  Bo{l  —  tanh[{z  —  ut)/A]]  (5) 

where  u  =  {cBo/8ire)\dn~'^ /dx\  and  A  =  {Aec/ a Bo)\dn^'^ / dx\~'^ .  Just  this  result 
has  been  thoroughly  confirmed  in  both  simulations  [3-5]  and  experiment  [6- 
9].  Under  close  examination,  however,  the  problem  of  an  excessive  coincidence 
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of  experiment  and  theory  arises.  The  field  penetrates  too  readily  into  plasma, 
meanwhile,  it  is  only  one  of  two  existing  solutions  of  (4).  Under  the  unfavorable 
orientation  of  the  basic  triplet  mentioned  above,  the  other  solution  corresponds 
to  the  field  locking  in  the  narrow  vicinity  of  the  plasma  boundary.  In  particular, 
it  can  be  seen  from  the  paper  [11]  (see  also  [8]),  where  the  sign  of  the  gradient  was 
not  quite  defined  in  the  penetration  region  and  the  validity  of  (l)-(3)  is  dubious. 

Thus,  our  goal  is  1)  to  propose  the  proper  explanation  of  the  experimental 
data  and  2)  to  suggest  the  model  of  penetration  which  can  be  introduced  into 
the  MHD-codes. 

Enhanced  field  diffusion.  As  one  can  see,  in  the  window  of  parameters 
specified  by  the  inequalities  (l)-(3),  the  field  (current)  dynamics  proves  to  be 
rather  complicated.  Only  for  a  regular  density  gradient  does  the  physical  scenario 
appear  more  or  less  clear.  However,  in  the  general  case,  a  random  profile  of  density 
seems  to  be  more  realistic,  and  this  profile  stimulates  accordingly  the  random 
dynamics  of  field  penetration.  This  idea  in  principle  corresponds  to  the  results 
of  [4]  where  an  attempt  was  enterprised,  of  the  EMHD  modelling  of  the  fast  Z- 
pinch,  and  the  picture  reminding  multiple  ’’tongues”  of  the  penetrating  magnetic 
field  (or  current  loops)  were  observed.  Unfortunately,  too  long  simulations  were 
necessary  to  complete  this  work. 

Let  the  density  be  n  =  n{x)  where  x  is  the  coordinate  along  the  boundary. 
Instead  of  the  diffusion  equation,  we  have  [cf.(4)]: 

B{uV)B=  PoV'H,  u=  -^[e„V-].  (6) 

dt  47re  n 

Then  we  substitute  B  =  B{z)  +  8B[x^y),  SB  <C  B  into  (6)  and  average  this 
equation  over  x  :  BBjdt  +  {clA'Ke){dBldz)  <  SB  ■  dn-^ldx  >=  0.  Next,  we 
multiply  (6)  by  f'^(n~^(x')-  <  >)dx'  and  also  average  over  x: 

-^B^^  <  [  (n'^(x')—  <  >)dx' >=  Do  <  SB-^n~^  >  . 

i-xe  dz  J  ^  ^  ^  dx  ox 

Finally,  we  get  (see  also  [1]): 


dtB  =  D^d.B^d.B,  (7) 

where  d,  =  d/dq  and  Di  =  {c/4ne)^{4Tra/c^)  <  (n"^-  <  >f  >  .  Taking 
into  account  that  for  small  B  the  diffusion  coefficient  must  tend  to  c^/47r(T,  we 
may  propose  the  resulting  formula  (first  obtained  by  Chukbar  and  Yan’kov  as 
exact  result  in  a  model  problem  [1]): 

Deff  —  Do[l  +  /^(w^e'^ei)^])  (^) 

where  /i  =  <  [Snjn^^  >,  0  ^  <  1/2.  In  the  numerical  codes,  this  factor 

has  to  be  introduced  as  indefinite  one  and  subsequently  determined  from  the 
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comparison  with  experimental  data.  In  the  limit  of  essential  EMHD  behavior, 
<^BeTei  ^  1,  Eq-(7)  may  be  represented  in  a  form: 

OtB  =  dz{B'^dzB),  T  =  uTeit/iimm. 

The  scaling  substitution  is  possible:  B  =  V’  =  Then, 


and  2{b  —  c)  +  I  =  0. 

Exact  solution  is  obtainable  for  the  case  of  constant  frozen-in  flux,  i.e.,  of  zero 
total  current: 

fi  =  (9) 

where  a  =  irnm! fir^i  and  the  quantity  just  determines  the  total  frozen-in 
magnetic  flux.  If  we  are  interested  in  more  realistic  case,  that  is  a  constant  field 
Bo  at  the  boundary,  it  follows  that  b  -  0,  c  -  1/2.  The  resulting  equation 
can  be  solved  numerically.  Nevertheless,  its  solution  can  be  readily  shown  to  be 
similar  to  (9),  that  is,  it  has  the  shape  of  the  front  analogous  to  the  shock  wave: 

d/S/dip  \  at  V’  — ^  00  —  0- 

One— scale  Z— pinch.  Features  peculiar  to  the  diffusion  regime  can  hardly 
be  restricted  to  such  a  1-d  modulation,  at  least,  as  concerned  the  one-scale  Z- 
pinch.  Let  us  assume  the  random  density  perturbation  in  the  {r,z}  geometry,  of 
the  order  of  6n  and  with  a  typical  space  scale  a  ~<  n/|Vn|  >.  Then  taking  into 
account  that  typical  velocity  of  the  field  penetration  [see  (5)],  u  ~  cBo/A-Knea, 
we  can  introduce,  in  accordance  with  conventional  formula,  the  efficient  diffusion 
coefficient  in  a  very  simple  form: 


Deff  —  [— 


Xu 

T 


ecB 

47rne’ 


(10) 


where  e  oc<  6n/n  >  .  Like  n  in  (8),  it  has  to  be  subsequently  determined  from 
the  comparison  with  experimental  data.  To  provide  the  proper  matching  to  the 
conventional  MHD,  we  have  to  add  Do  =  c^/Aira  to  the  RHS  of  Eq.(lO).  The 
same  result,  in  a  more  precise  form,  could  be  obtained  on  the  base  of  the  perco¬ 
lation  theory,  to  wit.  Do  +  {ecB /4Trne){(jJBeTei)~^^^^  in  the  case  of  steady  chaotic 
perturbation,  and  Do  +  {ecB /4Trne)(u/ the  case  of  the  randomly  oscil¬ 
lating  perturbations,  with  a,fi  be  typical  space  scale  and  frequency.  One  readily 
can  see  that  both  exact  formulas  are  very  close  to  (10),  moreover,  to  realize 
these  solutions  ’’perfect  chaos”  is  necessary,  that  is  rather  strong  assumption. 
Thus,  efficient  diffusive  coefficient  (10)  seems  to  be  quite  reasonable  approach. 
It  is  interesting  to  note  that  it  depends  on  very  few  parameters,  like,  e.g.,  Bohm 
coefficient,  hence,  it  also  may  be  introduced  on  the  base  of  many  different  models. 

Thin  liner.  If  we  consider  a  thin  imploding  shell,  1-d  perturbation  seems  to 
be  more  probable  than  in  the  case  of  the  one-  scale  Z-pinch.  Nonetheless,  let  us 
summarize  both  additional  terms  in  the  efficient  field  diffusion: 


Beff  —  Do[\  +  (u^SeTei)  -f  ^2 (<^Be'^et  )^] • 


(11) 
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Note  that  compact  liner  is  normally  good-radiating  (but  H-  or  He-liner), 
therefore,  it  remains  cool  while  implosion,  T  =  const,  hence,  {oJBeTei)  oc  B/n. 
Next,  we  add  the  condition  of  the  compact  acceleration; 

^  B  _ 

g  =  const  pg  =  Or—  — >  —  of  [Ort>)  . 

OTT  n 

This  estimate  should  be  substituted  into  (11)  thus  resulting  in 

dtB  =  drDo[l  +  ^ 

(We  have  used  the  property  of  the  shell  being  thin  which  makes  the  geometry  to 
be  quasi-plane).  One  readily  can  see  that  the  second  term  in  brackets  in  the  RHS 
vanishes,  as  a  result,  efficient  diffusion  may  be  successfully  modeled  by  Eq.(8). 

These  models,  (8)  for  the  liner  and  (10)  for  a  ’’thick”  Z-pinch,  may  be  used 
within  the  frames  of  relatively  simple  and  well-operating  MHD  codes,  instead  of 
unwieldy  PIC  calculations.  Thereby  we  can  take  into  account  some  important 
EMHD  manifestations. 

The  work  was  supported  by  the  Russian  Foundation  for  Basic  Research  (grant 
96-02-16258). 
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Abstract 

Hot  spots  created  in  neon  gas-puff  Z-pinch  were  studied  by  precise  spectroscopic 
methods.  The  macroscopic  plasma  parameters  were  found  using  the  contour  method  and 
independently  confirmed  by  a  detailed  comparison  of  the  measured  and  synthetic  spectra.  Two 
groups  of  hot  spots  with  substantially  different  electron  densities  and  temperatures  were 
observed,  their  parameters  are  discussed  with  respect  to  possible  photopumping  experiments. 

Introduction 

Neon  plasma  in  a  gas-puff  z-pinch  is  being  extensively  studied  as  a  lasing  medium  of  a 
resonant  photopumping  x-ray  laser  scheme  [1].  The  measurements  of  the  plasma  conditions, 
mainly  its  temperature  and  density,  are  motivated  by  an  effort  to  determine  a  distribution  of 
different  ions  and  populations  of  their  ground  and  excited  electronic  states.  Optimum 
parameters  for  the  neon-lasant  plasmas  (Tg  =  50  -  100  eV,  Ug  =  lO'*  -  lO'^  cm'^,  plasma 
column  diameter  less  than  1  mm)  are  relatively  easily  achieved  in  long-living  bulk  plasmas 
[2].  The  period  of  hot  spot  occurrence  corresponds  to  considerably  higher  temperatures  and 
densities;  the  knowledge  of  their  characteristics  is,  however,  important  for  understanding  the 
second  plasma  implosion  [3]  and  decay.  The  origin  of  these  small  diameter,  short-living 
plasma  formations  is  discussed  in  the  accompanying  paper  [4].  The  hot  spots  produce  strong 
emission  in  the  photon  energy  range  of  about  1  keV,  thus  information  on  their  macroscopic 
parameters  can  be  provided  by  K-shell  spectroscopy.  Here  we  present  the  results  of 
spectroscopic  experiments  done  at  the  IPP  Z-pinch  apparatus  and  provide  their  detailed 
interpretation. 

Experimental 

A  schematic  diagram  of  the  experimental  arrangement  is  shown  in  Fig.  1.  The  plasma 
was  generated  in  a  low  energy  Z-pinch  device  (4.3  kJ,  150  kA,  risetime  1.1  ps).  The  radiative 
characteristics  were  studied  using  different  diagnostic  tools  -  filtered  x-ray  diode  providing 
survey  information  on  broad-band  x-ray  emission  and  a  lifetime  of  the  hot  spots  (ranging  from 
units  to  several  tens  of  ns),  x-ray  pinhole  camera,  and  absolutely  calibrated  flat-crystal 
spectrograph  with  spectral  resolution  Z/AZ  «  1200  and  a  limited  spatial  resolution  along  the 
discharge  axis.  The  slightly  demagnified  pinhole  camera  images  indicate  that  the  plasma 
emission  is  significantly  inhomogeneous  -  the  hot  spots  of  an  average  size  30  -  100  pm  are 
localized  close  to  the  gas-puff  axis  and  spaced  at  irregular  intervals.  The  time-integrated 
spectra  were  recorded  on  x-ray  film  Kodak  DEF,  microdensitometered  and  converted  to 
intensity  scale  using  a  calibration  curve.  The  contributions  from  hot  spots  formed  at  different 
axial  positions  were  distinguished  and  correlated  with  corresponding  pinhole  images.  This 
allows  the  realistic  size-dependent  escape  factors  to  be  estimated. 
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Results  and  discussion 

An  example  of  the  spectra  detected  is  shown  in  Fig.  2.  The  observed  relative  widths 
(FWHM)  of  the  spectral  line  profiles  are  within  (2.2  -  4.2)x  lO'l  The  absolute  radiative  energy 
corresponding  to  line  emission  in  the  spectral  range  900  -  1 100  eV  was  typically  1  x  10  ^  J  to 
full  solid  angle.  The  spectra  could  not  be  evaluated  by  using  a  standard  diagnostic  technique 
based  on  relative  intensities  of  dielectronic  satellites  -  contrary  to  observations  [1,5],  at  given 
plasma  parameters  the  emission  is  dominated  by  resonance  lines  and  the  satellite  intensities  do 
not  fit  with  the  dynamic  range  of  the  detector.  Thus  to  estimate  the  macroscopic  plasma 
parameters  from  K-shell  emission,  an  approach  suggested  by  Coulter  et  al.  [6]  was  followed. 
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In  the  electron  density-temperature  space,  the  contours  corresponding  to  the  observed 
intensity  ratios  of  Ne  Hea,  Lya  and  Hep  lines  were  calculated  by  using  a  computer  code 
RATION  [7].  This  package  solves  the  system  of  steady  state  non-LTE  rate  equations  to 
calculate  populations  of  H-  to  Li-like  ions  and  provides  selected  diagnostic  line  ratios  and 
synthetic  spectra  as  a  function  of  the  plasma  density,  size  and  temperature.  The  effect  of 
opacity  is  approximated  by  escape  factors,  the  code  includes  line  broadening  mechanisms 
(Doppler  and  Stark  contributions)  and  provides  a  mechanism  for  modifying  the  spectral 
profiles  by  an  instrumental  smearing  function.  The  validity  of  this  collisional  radiative  model 
is  restricted  to  plasmas  with  small  temperature  and  density  gradients,  which  need  not  be 
fulfilled  at  Z-pinches.  The  diagnostic  data  were  provided  at  the  intersection  of  the  contours 
computed  for  all  possible  combinations  of  the  above  mentioned  transitions,  thus  partly 
overcoming  difficulties  connected  with  non-unique  determination  of  electron  density  and 
temperature  from  an  individual  intensity  ratio. 

The  spectra  with  dominant  Lya  emission  (like  that  shovm  in  Fig.  2)  correspond  to  hot 
spots  with  electron  temperature  Te  >  400  eV  and  electron  density  ne  =  (l  -2)xl0  cm" .  The 
majority  of  the  observed  spots  is  characterized  by  Te  =  150  -  200  eV  and  iie «  1  x  10^’  cm'^  (see 
Fig.  3).  These  results  were  cross-checked  by  detailed  comparison  of  the  spectral  line  profiles 
of  the  experimental  and  the  computer-generated  [7]  spectra.  The  comparison  of  the  measured 
(solid  line)  and  the  synthetic  (dashed  line)  spectrum  presented  in  Fig.  3  indicates  a  satisfactory 
agreement  between  experiment  and  theory.  The  spectrum  is  dominated  by  the  Ne  Hea  line, 
which  is  characteristic  for  lower  electron  temperatures.  The  observed  line  profiles  are  slightly 
broader  than  the  theoretical  ones;  the  fit  might  be  improved  by  assuming  higher  rie  but  then  the 
satellite  structure  would  be  overestimated. 


The  electron  densities  found  at  higher-parameter  hot  spots  were  confirmed  by  a  detailed 
analysis  of  the  spectral  line  profile.  At  n^  ^  10^"*  cm’^,  the  width  of  the  Lya  lines  are  rather 
insensitive  to  iie  [8],  thus  the  questioned  values  were  found  from  the  Hep  line  broadening.  The 
measured  (solid  line)  and  the  synthetic  Stark-broadened  (dashed  line)  profiles  are  compared  in 
Fig.  4,  the  best  fit  is  obtained  for  ne  =  1.8  x  10^^  cm'^.  The  agreement  between  the  values  found 
by  these  two  independent  methods  is  very  good. 

The  measured  values  of  Te  and  rie  were  used  to  determine  the  ion  population  and  the 
distribution  of  the  ground  and  excited  states  of  photopumped  Ne  IX;  for  Te  =  150  eV  and 
ne  =  1  X 10^*  cm'^  the  difference  in  populations  of  ground  and  excited  states  is  given  by  a  factor 
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of  200  and  slightly  less  for  higher  n*;  as  discussed  above,  the  validity  of  these  calculations  is 
limited  by  the  assumptions  of  the  steady-state  collisional-radiative  equilibrium  model  used 
As  to  the  environment  for  sodium-neon  photopumping  experiments,  hot  spots  are  too  small, 
too  dense  and  possibly  too  non-uniform  for  successful  application. 


Fig.  4. 


Conclusion 

To  conclude,  the  characteristics  of  the  hot  spots  created  in  neon  gas-puff  Z-pinch  were 
investigated  by  precise  spectroscopic  methods.  The  values  of  electron  density  and  temperature 
found  by  the  contour  method  were  confirmed  by  comparison  of  the  measured  and  synthetic 
spectra  and  by  a  detailed  analysis  of  the  Stark-broadened  spectral  line  profiles.  Two  groups  of 
hot  spots  with  substantially  different  rie  and  Te  were  observed.  The  parameters  of  hot  spots  are 
too  high  to  provide  an  appropriate  medium  for  Na/Ne  photopumping  experiments.  The 
knowledge  of  these  parameters  is  important  for  mapping  the  time  history  of  Z-pinches. 
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In  this  paper  there  are  presented  results  of  measurements  of  X-rays,  fast  electrons, 
ions  and  schlieren  pictures  an  exploding  carbon  fibre  of  6fim  in  diameter,  located 
between  tips  of  the  conical  electrodes  within  a  small  0.5  kJ  Z-pinch  facility.  Thin  fibres 
are  often  used  as  the  load  in  Z-pinch  experiments  due  to  high  initial  cylindrical  symmetry 
for  a  simple  source  of  X-ray  emission  from  low-  and  high-energy  facilities  [1].  In  our 
experiments  a  strongly  asymmetric  source  of  XUV  radiation  and  relatively  long  X-ray 
emission  was  observed. 

Small  energy  of  a  capacitor  enables  the  development  of  60kA  current  (during 
1000ns)  between  two  conical  electrodes  (with  10°  top  angle)  under  the  pressure  ZxlO'^Pa. 
The  distance  between  the  electrodes  is  8mm.  The  carbon  fibre  is  located  between  the 
electrodes  with  a  special  holder. 

The  Schlieren  method  was  used  for  the  visualization  of  a  pinch  column.  The  YAG 
neodym  laser  generating  pulses  of  about  4ns  length  used  as  a  source  of  diagnostic  beams. 
X-rays  were  detected  with  two  scintillator  photomultiplier  detectors  positioned  side-on 
and  end-on  at  distance  of  30cm  from  Z-pinch.  Soft  X-rays  were  detected  with  NE  102 
scintillator  of  20/xm  and/or  2mm  in  thickness,  which  were  covered  with  aluminum  foils 
of  1.5  or  S/xm  in  thickness.  The  XUV  signals  were  detected  by  two  fast  silicon  p-i-n 
diodes  filtered  by  750  nm  A1  foil  in  axial  and  radial  directions  to  the  fibre  axis.  Fast 
electrons  and  ions  were  detected  by  means  of  on  Faraday  cups  located  in  different  radial 
positions  at  distances  28  and  68cm  from  the  fibre  and  perpendicularly  to  the  discharge 
axis  (in  the  main  symmetiy  plan). 

X-ray  pinliolc  camera 


Fig.l.  Schematic  diagram  of  the  Z-pinch  (with  carbon  fibre)  device  equipped  on  the 
Faraday  cups  (FC)  and  X-ray  time-resolved  pinhole  cameras  (XPC-TR). 
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Simplified  scheme  of  the  measuring  system  has  been  presented  in  Fig.l.  All  the 
current  wave-forms,  timing,  X-rays,  ions  and  electrons  signals  were  registered  with  HP 
multi-channel  digital  oscilloscope. 

For  Z-pinch  discharges  performed  with  a  carbon  fibre  was  carried  out  a  series  of 
X-ray  measurements  using  different  sets  of  Al-foil  filters  and  NE-102A  scintillator.  The 
intensive  emission  of  X-rays  was  observed  at  on  energy  level  of  above  500eV.  Fig.2 
presents  the  time  correlation  of  soft  and  hard  X-rays  in  comparison  with  dl/dt  wave 
forms,  as  registered  for  three  shots.  The  soft  X-ray  emission  of  energy  within  0.5-1.5keV 
interval  appears  500-700ns  after  the  breakdown.  This  radiation  correlates  with  the  current 
maximum  during  700-1200ns.  On  the  bottom  picture  there  is  shown  a  signal  correlated 
with  a  laser  pulse,  which  corresponded  to  the  enclosed  Schlieren  picture. 


shot  32 


Fig.2.  The  X-ray  signals  (X^,  Xg)  in  comparison  with  current  derivative  (dl/dt) 
waveforms,  as  obtained  from  three  shots.  On  the  left-Schlieren  picture 
corresponding  to  the  laser  pulse. 


Measurements  of  ion-  and  electron-components  were  performed  perpendicularly 
to  the  z-axis,  i.e.  there  were  measured  perpendicular  components  of  carbon-ions  and 
electron  motion.  The  measurements  carried  out  simultaneously  of  two  different  distances 
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made  possible  to  determine  absolute  values  of  transversal  energy  of  ions  and  electrons. 
Some  examples  of  typical  ion-  and  electron-signals  in  comparison  with  corresponding 
dl/dt  and  soft  X-ray  traces,  have  been  presented  in  Figs.3  and  4. 


shot  18 


Fig.3.  Ion  signals  obtained  from  Faraday  cups  at  different  distances:  28cm  (FC^),  and 
68cm  (FCf),  in  the  time  correlation  with  dl/dt  and  X-ray  (Xg->)  signals. 


Fig.4.  Comparison  of  time-resolved  ion  signals  (FC^  and  FCf  -  upper  picture)  with 
electron  signals  (FC^  and  FCf  -  lower  picture)  in  correlation  with  soft  X-rays  (X^) 
and  dl/dt  trace. 

The  observed  ion  signals  demonstrate  the  appearance  of  two  (sometimes  even 
three)  separate  pulses  of  different  energy.  Basing  on  time  of  flight  differential 
measurements  it  has  been  estimated  that  the  two  ion  pulses,  correspond  to  1.5keV,  and 
12eV  ions,  respectively.  Also  electron  signals,  as  measured  with  an  inverted  polarity  of 
the  Faraday  collectors,  show  at  least  two  separate  groups  of  electrons,  which  correspond 
to  about  lOeV  and  O.leV,  respectively.  The  measuring  method  applied  has  not  enable 
measurements  of  electrons  of  energy  above  20eV,  although  such  electrons  could  also  be 
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emitted.  It  should  be  noted  that  velocity  of  l.SkeV  carbon  ions  and  that  of  O.leV 
electrons  is  almost  the  same  what  suggest  that  the  electrons  are  dragged  by  ions  clusters. 

The  last  diagnostics  results  have  shown  the  generation  of  the  short  (10-20ns)  XUV 
pulse  in  the  direction  of  the  fibre  axis  before  disintegration  of  the  pinch  column  during 
100-300ns  after  breakdown.  The  radiation  is  strongly  asymmetric  and  its  axial  intensity 
is  more  than  100  times  higher  than  the  radial  intensity. 
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Fig.5.  Shot  144. 

Trace  1 :  current  (Rorowski  coil),  trace  2;  PIN  diode  signal  in  z-ais  direction  (distance  25  cm), 
trace  3:  current  derivative,  trace  4;  PIN  diode  signal  in  radial  direction  (distance  25  cm). 


To  learn  more  about  the  ion  emission  from  Z-pinch  with  carbon  fibres 
experiments  it  is  necessary  to  perform  studies  with  Faraday  cup  parallel  to  accelerations 
axis.  Measurements  of  X-rays  spectrum  in  the  time  should  be  very  interesting. 
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Abstract 

A  system  is  described  in  which  a  cylindrical  liner  L  is  imploded  by  a  Z-pinch.  The 
liner  is  insulated  form  the  driving  magnetic  field  by  a  plasma  layer  created  by  exploding  a 
thin  foil  separated  from  L  by  foam.  The  results  of  this  analysis  are  compared  with  a  one¬ 
dimensional  numerical  simulation  of  the  system. 


Introductions 

In  order  that  a  projectile  driven  by  a  magnetic  pressure  does  not  explode  as  a  result  of 
Joule’s  heat  deposited  in  it,  one  must  interpose  between  the  main  body  of  the  projectile  and 
the  magnetic  piston  a  plasma  layer  which  transmits  the  B  I8n  pressure  and  carries  the 
currents  induced  by  the  S-field  [1,2,3]. 

Thus  has  been  achieved  in  experiments  in  which  a  snowplough  (SP)  in  a  coaxial 
discharge  implodes  on  a  thin  cylindrical  liner  [3,4].  Unfortunately  the  SP  is  not  always 
aximuthally  and  axially  symmetric  and  there  can  be  several  current  sheaths  and  restrikes  at 
the  insulator,  especially  at  high  voltages.  In  order  to  avoid  these  drawbacks  it  has  been 
suggested  that  the  plasma  cushion  can  be  generated  by  exploding  a  thin  metal  foil  F  situated 
outside  a  cylindrical  liner  L  [5  ]  and  separated  from  it  by  a  thin  layer  of  an  insulatin  material, 
such  as  foam  [6] .  (Fig.  1) 

We  shall  first  analyse  the  implosion  of  such  a  sandwich  liner  by  a  Z-pinch.  The  results 
of  this  simple  analysis  will  be  then  compared  with  one-dimensional  numerical  simulation  of 
the  system. 


The  implosion  of  a  sandwich  liner 

Let  us  assume  that  the  current  f  generating  the  pinch  field  is  given  by 
/=  /^.  sin  (Ot,  that  both  F  and  L  are  aluminium  foils  and  that  the  foam  has  a  specific  density 


of  approx.  2  •  10  g/cvnf  [6,7]. 

It  is  obvious  that  the  plasma  cushion  separating  L  from  B(p  must  be  produced  well 

before  tm  =  (the  time  of  the  current  maximum  I„)  and  therefore,  the  time  of  explosion 
2(0 

of  F  must  be  a  small  fraction  of  t^  •  Assuming  that  for  t<  all  the  current  7  flows  in  F  we 
have  [8,9] 


*cx— 


where  (for  A1  at  NTP)  g  ~  1,1  TO^ 


(1) 


The  explansion  of  the  exploded  foil  resembles  initially  a  free  expansion  with  a  speed 

where  a  is  the  mean  degree  of  ionisation  and  T/j  the  temperature  of  the  A1  plasma.  This 
expansion  will  be  slowed  down  and  eventually  stopped  by  the  growing  field. 

It  would  be  desirable  -  in  order  to  imitate  the  good  feature  of  the  plasma  drive  [4]-  that 
the  liner  L  should  not  feel  the  5^/8;c  pressure  until  the  current  I  reaches  a  large  enough  value 
for  efficient  propulsion.  This  could  be  accomplished  if  the  pressure  pAi  were  transmitted 
across  the  foam  layer  at  such  a  low  speed  V,  that  the  front  of  this  pressure  wave  arrived  at  the 
liner  L  only  when  I«  ■  The  speed  V,  can  be  expressed  as 
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The  polytropic  coefficient  of  foam  will  be  nearly  1  and  we  shall  assume  that 
Pf=  2- 10 g/cm3  and  pm~  —  .  This  is  not  true  ior  t<t  ,  however,  at  that  time  the  value  of 
Pai  is  small.  We  will  have,  therefore, 

0.28  -L  .  (3) 

Putting  /  =  /OTsin  (Dt ,  the  distance  travelled  by  the  pAi  pressure  wave  in  the  foam  will  be 
smaller  than 

^  =  0,28-^  1-  cos  m)  (4) 

ft)  •  ro 

and  indicates  the  foam  thickness  to  be  used. 

The  time  f,  required  for  the  pressure  wave  to  reach  L  is  given  by 


=  0,637  [cos -i(l-^)]t;r 


where  Sm  =  0,28-^ .  For  the  parameters  of  Ex.  2  we  obtain  =  0,28  (cm)  and  if  5  =  0,1  (cm) 
r()0) 

then  tr=  0,32  (fisec) .  In  reality  the  pressure  wave  will  be  preceded  by  a  radiation  heat  wave 
[10]  and  consequently  will  be  shorter  than  indicated  by  eq.  (7.a). 

Bv  insertin2  a  foam  layer  between  F  and  L,  we  are  not  only  aiming  at  delaying  the 
propulsion  of  L  until  a  large  I  is  reached.  The  most  important  feature  of  the  plasma  drive,  is 
not  to  vaporise  L  during  the  implosion.  We  require,  therefore,  that  after  the  arrival  of  the 
pressure  or  heat  wave  at  L  the  density  ni  remains  at  its  solid  state  value  rif  in  spite  of  the 
being  much  higher  than  the  NTP  value  for  vaporisation  of  Al.  Let  us  try  to  understand  this 
situation  using  the  following  simple  model.  (Fig.  2) 

B 

The  surface  current  density  i  =  — —  dissipates  Joule  heat  wj  in  a  shell  of  thickness  5g  .  This 

0,4;r 

is  mainly  radiated  away  (vVr),  however,  a  small  portion  q  reaches  L  through  heat  conduction 
across  the  plasma  slab  (thickness  8»5^.  The  solution  of  this  problem  determines  T),  and 
using  then  equation  (8)  we  get  The  equations  governing  this  situation  are  (assuming  a 
pressure  equilibrium) 


Wj=  i^Pe5e  10^ 


VVr=  OsbTXi  -  exp(-2Ko^r)]> 


.2_  1+a 


id^nkT 


being  the  equations  describing  the  exploded  F  layer,  where  Sg  follows  from  equation  (2), 
dr  is  the  thickness  of  the  high  temperature  layer,  KQ=l0'^(p^)-  and 

pe  s  0,3  •  10  if  ,  with  a  =  the  degree  of  ionisation. 

The  heat  flux  towards  L  is  described  by 

i  =  .  (5) 

dr 

As  a  first  approximation  we  shall  assume  that  vVr»  ^  and  that  8g~  5r~  5  ~  -^o  •  We  get 
from  5  a,b,c,  eliminating  /  ,  that 

T’—  n  Q  -  lo^fl-  cc^  ^-1  (6) 


r=o,3  ■  10" 


where  F"  =  1-  exp(-2Ko5')  ~  1  in  most  of  our  cases.  But  8'/8q  follows  from  (5c) 


5 

and  finally 


^=0,9-  10' 


7tl+a) 


r=  0,576 


1-  a 

(1+  a)  a  ■  8oF 


0222  -2 

•  r 


where  i  =  — ^ 
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Ex:  a  =  0,l  ,  5o=  lO"^  ,  ro=  1  ,  /=C-  lO^A) ,  we  get  r=3,2-  10^  •  ,  for  C=  1  one 

hasr=28  (eV). 

Equation  (5d)  assuming  a  plane  geometry,  can  be  integrated  for  q  =  const  along  the 
distance  5/  and  provided  Ti«  T  ,  we  get  for  the  energy  transferred  to  L 


dt  , 


where  5,  will  be  given  by  5f=  0,9 


Tf{l+  a)  ’ 


7y=  bT  ,  G<  1  .  Using  (6a)  we  get 


<u(l+ 

If  the  L  layer  does  not  loose  energy  then  the  Tl  at  cot  =  nl2  reaches  a  value 
a  Nik 

where  Ni  is  the  number  of  atoms  of  L  per  cm^  of  its  surface,  a."  the  number  of  degrees  of 
freedom  and  a  the  degree  of  ionisation.  As  the  integral  in  (7)  at  (at  =  izH  is  approximately 
equal  to  0.6,  we  obtain  for  the  maximum  Ti 

Tl  ~  180  a  (1+  - (l+  af  .  (8) 

(o5^^^Nie-d 

Ex:  a  =  0,1 ,  a'  =  0,1 ,  0)  =  2,10^ ,  Sn  =  10^ ,  =  10^  A^l  =  5  •  10^^ ,  (ad  =  0,1 ,  a=  6  then 

7’L  =  2,5(eV). 

The  thickness  5i  of  L  follows  from  (the  solid  8{r)  =  5 

_  1  1  .  in8  7l(l+a')  r  ('9') 

5(r)  ’j2ro- 
at  ro/r  =  2 , 1  =  the  previous  example  gives  5i/  6=  1,7  . 

Our  analysis  is  inaccurate  in  many  respects.  It  ignores  the  heat  conduction  due  to 
radiation  transport,  the  fact  that  during  the  liner  is  not  heated  at  all,  etc.  However,  some  of 
these  approximations  tend  to  cancel  each  other,  others  should  not  introduce  large  errors. 
From  equs.  (8)  and  (9)  it  seems  that  our  liner  will  not  remain  solid;  it  will  vaporise  and  will 
be  partially  ionised,  but  it  will  not  expand  too  much  and  consequently  the  pi  will  be  high  - 
perhaps  of  the  order  of  l(g/cm3) . 

Following  the  arrival  of  the  pressure  wave  on  L,  the  liner  will  be  driven  by 
Assuming  for  a  while  that  4  +  4x«  tm » the  dynamics  of  the  liner  wiU,  follow  the  equation 

r  =  -10-2_ZL  ,  (10) 

r  ■  M 


!2=1,3110-*^1^’ 


( 

Jo 


(sin  (aif^  d(©t) 


(7) 


where  M  is  the  mass  per  cm  length  of  the  sandwich. 

In  order  that  collapse  of  L  be  synchronised  with  tm  we  require  that 


For  the  parameters  used  in  our  previous  examples,  we  obtain  M  =  0,01  (gem)  and 
consequently  5  <  3  (|im) . 

From  all  these  approximate  considerations  one  would  expect  our  sandwich  liner  to 
behave  as  sketched  in  figure  3  . 

Nnmerical  simulation  of  the  collapse  of  a  sandwich  liner 

The  approximate  analysis  presented  in  section  1  provides  a  basis  for  the 
understanding  of  the  sandwich  implosion.  We  have  tried  to  obtain  a  more  precise  picture  by 
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means  of  a  numerical  simulation.  The  initial  situation  for  our  computation  is  that  of  an 
already  exploded  foil  F,  the  foam  is  represented  by  a  carbon  gas  at  a  temperature  of  1  (eV) 
and  the  liner  L  by  high  density  A1  gas.  We  wish  to  find  out  whether,  at  the  end  of  the 
implosion  (e.g.  r  =  ro/10) ,  the  thickness  8l  of  L  remains  as  small  as  indicated  by  eq.(l  1)  or 
whether  L  has  exploded  and  also  if  the  B<p  remains  mainly  outside  of  F.  The  physical  model 
is  that  of  MHD  with  appropriate  diffusion  coefficients. 

From  plots  of  the  radial  mass  density  contours  p{r)  for  several  instants  during  the 
sandwich  implosion  as  well  as  the  current  density  distribution,  it  is  evident  that  the  (g) 
corresponding  to  L  increases  sharply  as  r  tq  /lO  and  that  the  i  (r)  distribution  is  blocked 
by  the  F  plasma.  We  can  conclude,  therefore,  that  the  L  does  not  expand  and  the  5^flux 
diffused  across  the  sandwich  amounts  to  a  few  %  of  the  total  flux. 

The  temperature  of  the  F  layer  is  seen  to  grow  from  about  5  (eV)  to  50  (eV),  agreeing 
well  with  the  formula  (6a).  The  Ti  is  up  to  500  (nsec)  below  7  (eV)  as  predicted  by  eq.  (8). 
The  final  (at  h- 1 J  is  approximately  0,1  g  /  cm^,  again  not  too  far  from  the  estimate  of 
equation  (9). 

Conclusion 

The  acceleration  of  solid  liners  to  speeds  in  excess  of  1  cm/p  sec  by  means  of  a  Z- 
pinch  could  be  facilitated  by  employing  a  sandwich  composed  of  thin  foil-foam-thick  foil 
rather  than  a  pure  plasma  drive.  A  similar  concept  of  separating  the  hot  and  cold  region  is 
encountered  in  pellet  implosions  driven  by  a  laser  driver.  The  exloded  foil  corresponds  to  the 
already  exploded  ablator,  the  foam  to  the  rest  of  it  [10].  Although  in  early  experiments  [5]  the 
explosion  of  a  cylindrical  foil  in  a  Z-pinch  geometry  appears  to  occur  uniformly  over  the 
entire  surface  of  the  foil,  new  experiments  with  foils  in  a  sandwich  configuration  will  be 
necessary  before  the  assumptions  made  in  this  paper  can  be  considered  applicable. 
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Abstract 

A  pulse  power  generator  discharging  through  an  array  of  wires  or  a  gas  cylinder 
creates  a  pulse  of  useful  soft  x-rays,  which  is  usually  followed  by  deleterious  byproducts 
such  as  plasma,  hot  gases  and  droplets  of  metal  from  evaporated  electrodes.  Separating 
the  extraneous  material  from  the  x-rays  is  done  with  a  debris  shield.  This  paper  discusses 
optimization  of  such  shields. 

Introduction 

Ideally,  a  debris  shield  stops  all  the  debris  while  transmitting  most  of  the  desirable 
x-rays.  Whether  debris  stops  in  a  shield  depends  in  a  complicated  way  on  the  debris 
properties,  material  shield  strength  at  the  initial  temperature,  but  certainly  demands  a 
minimum  mass  per  unit  area.  As  an  example,  about  3  mg/cm^  plastic  proved  sufficient 
in  one  case.  However,  x-ray  transmission  also  depends  directly  on  mass  per  unit  area, 
multiplied  by  the  mass  absorption  coefficient  pip.  Soft  x-rays  are  strongly  absorbed  (or 
pj p  1  cm^/g),  so  that  for  minimal  absorption  the  mass  per  unit  area  must  remain 
small,  the  opposite  of  what  is  needed  for  stopping  debris.  Worse,  strong  x-ray  absorption 
implies  that  a  substantial  fraction  of  the  x-ray  energy  goes  toward  heating  the  shield, 
which  could  easily  evaporate.  In  this  case  the  evaporated  material  must  be  stopped  by 
timely  closure  of  a  secondary  valve.  For  both  survivable  and  sacrificial  debris  shields 
optimization  is  clearly  essential. 

For  a  survivable  debris  shield  the  material  and  allowable  thickness  depend  strongly 
on  the  x-ray  energy.  Soft  x-ray  absorption  decreases  with  photon  energy  hu  as 
and  increases  with  atomic  number  Z  roughly  as  This  puts  a  high  premium  on 
debris  shields  with  low  atomic  numbers.  For  the  very  softest  photons  below  about  1 
keV,  solid  deuterium  [1]  is  the  best  choice,  while  lithium  or  lithium  compounds  (e.g., 
LiH)  become  suitable  for  slightly  harder  x-rays  >  1,3  keV.  For  still  harder  x-rays  one  can 
use  beryllium,  boron  or  alloys  thereof,  and  eventually  plastics  for  the  hardest  photons.  If 
the  debris  shield  must  cover  an  extended  area  any  of  these  materials  may  be  reinforced 
by  fibers  of  carbon  or  other  superstrong  materials.  These  can  be  woven  into  a  fine 
mesh,  whose  rapid  heat  conduction  to  the  cooler  surrounding  shield  might  prevent  x- 
ray  evaporation. 

Each  photon  hu  is  transmitted  with  an  efficiency  Tijiv)  ~  exp[— (/f/p)  x  pd],  where 
pd  is  the  mass  per  unit  area,  p  is  the  density,  and  d  the  thickness.  For  a  spectrum  of 
photons  as  typically  produced  by  z-pinches,[2]  a  suitable  definition  of  x-ray  transmission 
efficiency  Tc{hv)  is  to  count  only  the  x-rays  above  a  cutoff  energy  £c  =  huc^  Then  the 
transmission  efficiency  is 


d{hiy)T{hiy)Sc{hu),  (1) 

where  the  x-ray  energy  spectrum  Sc{hu)  is  normalized  through  d(hi')s{hi/)  =  1,  and 
the  subscript  c  refers  to  the  cutoff. 

For  many  pinches  the  cutoff  excludes  little  energy.  Figure  1  shows  the  energy  in 
a  computed  spectrum  for  an  aluminum  pinch  [3]  (solid  line)  and  a  1  keV  blackbody 
(dashed).  Both  spectra  are  normalized  to  unity  over  their  full  range  0  <  hu  <  cc.  A 
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Figure  1.  Energy  in  spectrum  as  function  of  cutoff  £c 

low  cutoff.  €c  0.5  keV  excludes  about  15%  of  the  pinch  energy  while  a  3x  higher  cutoff 
£c  —  1-5  keV  excludes  only  5%  more,  up  to  about  1/5  of  the  available  x-rays.  For  this 
aluminum  spectrum  the  k-lines  at  1.6-1. 7  keV  carry  from  50%  to  75%  of  the  energy.  In 
contrast,  cutting  off  the  1  keV  black  body  spectrum  at  1.5  keV  excludes  less  than  about 
10%  of  the  energy. 

The  debris  shield’s  allowable  thickness  is  a  function  of  cutoff  energy  and  spectrum. 
As  an  example,  the  open  circles  in  Figure  2  show  the  thickness  of  lithium  that  transmits 
85%  of  the  x-rays  from  an  aluminum  pinch.  As  expected  from  the  lack  of  photons  in  the 
softer  part  of  the  spectrum,  below  the  k-lines  the  allowable  thickness  is  approximately 
constant,  about  3  mg/cm^.  This  is  comparable  to  the  debris  penetration  thickness.  For 
higher  cutoff  energy  at  the  two  k-lines  the  allowable  thickness  jumps  to  5  mg/cm^  and 
10  mg/cm,^  after  which  the  thickness  increases  gradually.  For  larger  cutoffs  £c>  1.7 
keV  the  thickness  approaches  that  for  a  1  keV  black  body  (solid  diamonds).  This  and 
sinailar  curves  for  other  black  body  temperatures  can  be  expressed  analytically. 

The  closed  circles  in  Figure  2  represent  the  corresponding  thickness  for  beryllium. 
The  two  materials  show  a  virtually  identical  dependence  of  thickness  on  cutoff  energy  £c- 
The  reason  is  that  the  x-ray  attenuation  coefficients  ///p  of  low  atomic  number  materials 
vary  with  photon  energy  hi/  in  a  universal  manner.  In  the  photoelectric  regime,  which 
dominates  attenuation  of  soft  x-rays, 

II  aG{Z) 

where  G{Z)  Z"'  with  n  ~  4,  and  H{hu)  ~  {huY  with  a  ~  3.  In  reality  the  function 
H[hi/)  depends  slightly  on  atomic  number,  H{hu)  =  Hz  {hi/),  but  this  will  be  ignored 
because  any  dependence  on  Z  invalidates  the  arguments  below. 

For  a  foil  with  thickness  d  and  atomic  number  Z  the  transmission  is 

/oo  r  CO 

dx  exp[-{Gpd)n/H{x)]s{x)/  I  dx  s{x). 
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Figure  2.  Thickness  for  85%  transmission  versus  cutoff  Ec- 

In  this  formula  the  functional  dependence  on  photon  energy  x  =  hv  \s  called  out 
explicitly:  it  enters  through  the  spectrum  s(x)  and  the  argument  of  the  exponent, 
l—(G(Z)pd)a/If(x)].  The  properties  of  the  material,  the  atomic  number  and  the  density, 
appear  only  in  the  factor  [G{Z)pd\  that  multiplies  the  universal  function  of  photon 
energy  afH{x). 

The  different  foil  materials  have  the  same  transmission  as  long  as  the  spectrum  is 
the  same  and  the  factor  G{Z)pd  is  the  same.  For  this  to  happen  the  mass  per  unit  area 
pd  must  scale  inversely  proportional  to  G{Z)  ~  i.e.. 


Once  the  allowable  thickness  is  computed  for  the  spectrum  of  interest  and  a  single 
material,  for  another  material  it  can  be  scaled  from  the  transmission  at  a  single  photon 
energy,  e.g.,  the  k-lines.  On  this  basis,  the  allowable  mass  per  unit  area  for  a  beryllium 
shield  is  then  (3/4)''  ~  0.316  of  that  for  lithium:  plastic  must  be  5  times  thinner  still.  In 
the  other  direction,  hydrogen  or  deuterium  can  be  the  thickest:  over  90%  of  the  x-rays 
at  1  keV  go  through  3  mm  deuterium.  [1] 

The  shape  of  the  allowable  thickness  as  function  of  cutoff  energy  depends  solely  on 
the  energy  spectrum.  An  increase  in  cutoff  energy  from  Sc  to  Sc  +  SSc  brings  with  it  an 
increase  in  thickness  from  d  to  d  -j-  6d.  The  acceptable  transmission  Tc{Sc,d)  at  cutoff 
energy  Sc  is  defined  by  Eq.  (1),  and  variation  of  this  formula  gives 


dd  _  s{Sc)[TiSc,d)-TciSc,d)] 
dSc  dx{—dT{x,d)/dd)s{x) 


The  integrand  in  the  denominator  is  positive,  and  the  transmission  at  the  cutoff  energy 
T{Sc,d)  is  always  less  than  the  allowable  transmission  as  function  of  the  cutoff  energy 
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Tc{So,  d).  Therefore  the  allowable  thickness  d  increases  with  cutoff  energy.  The  spectrum 
determines  the  slope,  with  an  extremely  rapid  rise  at  the  k-lines. 

For  a  sacrificial  debris  shield,  when  the  x-ray  fluence  is  so  large  that  the  debris  shield 
evaporates,  separation  between  x-rays  and  debris  needs  a  fast  closing  valve  behind  the 
shield.  There  is  an  optimum  position  Ro  for  such  a  shield,  as  is  easily  seen  as  follows. 
A  debris  shield  at  distance  R  from  the  pinch  receives  a  dose  D  <x  l/R^.  Dose  is  energy 
per  mass,  and  without  allowance  for  energy  lost  in  melting  or  evaporation  the  dose 
D  is  also  proportional  to  temperature,  and  T  oc  l/R^.  The  debris  shield’s  backside 
evaporates.  The  velocity  of  the  evaporate  is  proportional  to  VT ,  whence  oc  1/R. 
At  a  constant  velocity  Ve  the  material  reaches  a  second  valve,  located  at  R2  from  the 
pinch,  after  a  time  <2  =  (^2  -  R)/ve  oc  {RR2  -  R^)-  This  time  is  zero  when  the  debris 
shield  is  right  in  front  of  the  valve,  or  at  the  pinch,  The  largest  closing 

time  comes  from  placing  the  shield  halfway  between  pinch  and  valve,  at  the  optimum 
position  Ro  =  R2/2.  Then  the  valve’s  closure  time  is  maximum,  and  with  a  given 
closing  velocity  Vo  the  opening  in  the  valve  can  be  the  largest. 


Figure  3.  Minimum  distance  between  pinch  and  second  valve  versus  shield  position. 

A  more  quantitative  result  needs  explicit  consideration  of  the  thermodynamic 
properties  of  the  shield  material.  As  an  example.  Figure  3  shows  the  minimum  position 
of  the  shutter  R2  as  function  of  shield  position  R,  for  different  openings  in  the  shutter 
and  a  1  km/s  closure  velocity.  The  debris  shield  is  lithium  precooled  to  77  K,  exposed 
to  a  40  kJ  aluminum  pinch.  The  optimum  shield  position  is  from  8  to  15  cm,  somewhere 
in  the  middle  between  the  pinch  and  the  valve  at  18  to  30  cm.  At  the  optimum  position 
the  lithium  is  just  melted  but  not  yet  vaporized;  the  phase  transitions  are  seen  by  the 
knicks  in  the  curve. 

In  conclusion,  we  would  like  to  thank  Dr.  A.  L.  Velikovich  for  useful  discussions. 
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PRS  AND  POS/PRS  COUPLING  EXPERIMENTS  ON  HAWK* 

G.G.  Peterson^  J.P.  Apruzese,  RJ.  Commisso,  A.  Fisher,  J.C.  Kellogg, 

D.  Mosher,  S.J.  Stephanakis,  J.W.  Thornhill,  B.V.  Weber,  and  F.C.  Young 

Plasma  Physics  Division,  Naval  Research  Laboratory,  Washington  DC,  20375,  USA 

Experiments  are  being  conducted  on  Hawk  to  investigate  the  electrical  coupling  of  a  plasma 
opening  switch  (POS)  to  a  neon  plasma  radiation  source  (PRS)  and  to  evaluate  the  k-shell  x-ray 
yield  scaling  of  implosions  with  different  initial  radii,  mass,  and  implosion  times. 
Understanding  the  coupling  and  scaling  is  important  for  optimizing  the  performance  of  more- 
powerful  inductive-storage  generators  that  rely  on  POS  technology. 

Inductive-store  pulsed-power  generators  have  been  the  focus  of  considerable  research  over 
the  past  few  years  as  a  promising  technology  for  the  next  generation  of  high-power  PRS 
drivers. Advantages  of  inductive  stores  over  traditional  water  line  machines  include  lower 
cost  of  manufacturing  and  operation,  smaller  size,  and  suppression  of  prepulse.  The  main 
pulsed-power  research  problem  pertaining  to  the  PRS  application  of  this  technology  is  reali¬ 
zation  of  a  POS  that  can  conduct  multimegampere  currents  for  a  microsecond,  and  then 
efficiently  transfer  current  to  a  load  on  a  100-  to  300-ns  time  scale. 

The  present  Hawk  research  addresses  the  technical  issues  associated  with  driving  PRS 
loads  with  opening-switch  technology,  including:  transfer  of  current  to  the  load  during 
implosion,  the  effect  of  switch-to-load  spacing  on  PRS  performance,  and  the  scaling  of 
implosion  quality  and  x-radiation  with  initial  load  radius  and  implosion  time.  Successful 
larger-radius  PRS  operation  would  permit  efficient  excitation  of  higher-energy  x-rays^’  while 
longer-implosion  times  would  relax  performance  requirements  on  the  POS^ ' 

In  the  direct-drive  mode,  the  Hawk  Marx  bank  feeds  a  coaxial  vacuum  line  which  delivers 
700  kA  to  a  PRS  load  in  1.3  p,s.  Employing  a  1-ps  conduction-time  POS,  the  load  current 
rises  to  500-600  kA  in  100  ns,  and  then  remains  essentially  constant  until  the  PRS  implodes. 
This  constant-current  behavior,  characteristic  of  inductive  PRS  drivers,’  is  ideal  for  studying 
load-mass  and  load-radius  variations,  as  the  associated  variations  in  implosion  time  do  not 
substantially  change  the  implosion  kinetic  energy. 

Experiments  were  performed  with  the  configuration  shown  in  Fig.  1.  The  gas-puff  nozzle 
was  mounted  on  the  anode  54-cm  downstream  of  the  POS  plasma  guns.  Neon  gas  is  used  in 
these  experiments  as  its  k-shell  is  efficiently  excited  for  this  implosion  energy.  The  rise  time 
of  the  gas  density  exiting  the  nozzle  was  70  ps  and  the  machine  was  fired  90  ps  after  gas  first 
appeared.  Within  this  time,  the  neon  travels  about  7  cm  axially  and  doesn’t  interfere  with 
transmission-line  power  flow.  Conical-annular  nozzles  of  1-,  1.75-,  and  2.5-cm  radius,  10- 
degree  inward  tilt,  0.1 -mm  throat  gap,  and  0.9-mm  exit  width  were  used.  The  nozzle  material 
was  a  Te-Cu  alloy,  which  required  refurbishment  every  two  shots.  Nozzles  of  a  W-Ni-Cu 
alloy  are  now  being  tested  which  show  no  wear  after  18  consecutive  shots.  The  cathode 
consisted  of  an  annular  knife-edge  tube  of  the  same  radius  as  the  nozzle  exit.  The  cathode 
was  press  fitted  into  a  vaned  holder  attached  to  the  end  of  the  10-cm-diameter  center 
conductor  of  the  vacuum  line.  Diagnostics  include  transmission-line  and  load  B-dot  current 
monitors,  a  capacitive  voltage  monitor,  vacuum-emission  x-ray  diodes  (XRDs),  a  photo¬ 
conducting  diode  (PCD),  a  time-integrated  pinhole  camera,  and  a  KAP  crystal  spectrometer. 

The  POS  plasma  was  injected  through  an  8-cm  rod  section  of  the  anode  using  12  cable 
guns  placed  symmetrically  in  azimuth.  The  Marx  bank  was  discharged  2.5  ps  after  firing  the 
plasma  guns.  The  POS  consistently  delivered  over  500  kA  of  the  conducted  600-kA  current 
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Fig.  1.  The  Hawk  front  end  showing  the  POS,  vacuum  feed,  current  monitors,  and  gas-puff  load. 


to  the  PRS  load.  The  conduction  time  averaged  900  ns  with  about  70-ns  jitter.  POS  voltage 
varied  from  300  to  600  kV  and  load  current  rise  time  varied  from  75  to  150  ns  (Fig.  2).  Com¬ 
parison  of  anode  and  cathode  current  monitors  in  the  vacuum  feed  indicate  little  or  no  vacuum 
electron  flow  throughout  the  discharge.  The  measured  load  current  wave  forms  are  consistent 
with  power  flow  calculations  employing  an  opening  switch  model  and  a  slug-model  for  the 
PRS  implosion  in  the  Bertha  transmission-line  code. 

With  load  currents  of  500-550  kA,  about  700  J/cm  of  kinetic  energy  is  delivered  to  the 
final  pinch.  The  imploded  mass  m  and  kinetic  energy  K  are  calculated  for  each  shot  from  the 
cathode  current  trace  by  an  iterative  process  that  matches  the  timing  of  the  radiation  spike  to 
the  slug-model  implosion  time.  The  calculated  masses  are  consistent  with  those  inferred  from 
nozzle  pressures  and  measured  with  interferometry. 


POS-driven  PRS  shots  with 
the  1.0-  and  1.75-cm  nozzles 
were  fired  for  the  range  of 
masses  shown  in  Table  1.  All 
shots  were  fired  with  2-2.3  cm 
A-K  gaps  (load  lengths).  The 
2.5-cm  radius  nozzle  was  fired 
only  at  15  [ig/cm.  Typical 
implosion  times  were  110-150 
ns  for  the  1-cm  nozzle,  and  190- 
250  ns  for  the  1.75-cm  nozzle. 
Direct  drive  shots  were  fired 
using  the  1.75-cm  radius  nozzle. 
The  experiments  show  that  the 
use  of  a  POS  to  shorten  the 
current  rise  time  is  an  effective 


Fig.  2.  Comparison  of  measured  and  modeled  electrical  character¬ 
istics.  Also  shown  is  the  slug-model  radius  and  XRD  signal. 
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Nozzle 

Radius 

(cm) 

Mass  Range 
m  (|ig/cm) 

K-shell  Yield 
Y  (J/cm) 

Implosion  Times 
(ns) 

Number  of 
shots 

1.0 

9-28 

200 

107-204 

19 

1.75 

8-80 

150 

190-250 

35 

2.5 

15 

70 

265 

1 

Direct  Drive 

60-130 

65 

830-890 

9 

Table  1.  Shot  summary  for  the  Hawk  neon  PRS  experiment. 

way  to  drive  PRS  implosions.  The  POS-driven  implosions  produced  up  to  200  J/cm  ±  20%  of 
neon  k-shell  x-rays  with  x-ray  pulse  widths  of  5-15  ns,  as  measured  with  an  Al-filtered  XRD. 
The  best  1-cm-radius  shots  produced  yields  1.5  times  larger  than  those  at  1.75-cm.  More  data 
with  the  2.5-cm  nozzle  are  needed  to  draw  firm  conclusions,  but  yields  are  about  1/3  of  the  1- 
cm-radius  yields.  Direct  drive  shots  on  Hawk  required  greater  than  700  ns  implosion  times  to 
achieve  the  same  final  load  currents  as  the  POS-driven  shots.  Consequently,  the  direct  drive 
shots  were  over-massed.  The  direct  drive  shots  had  reduced  implosion  quality  and  x-ray 
yields  less  than  half  of  the  best  mass-optimized  POS-driven  shots  at  the  same  1.75-cm  radius. 

Figure  3  plots  the  measured  k-line  x-ray 
yield  as  a  function  of  specific  kinetic  energy  K/m 
for  the  1-  and  1.75-cm  shots.  An  error  of  about 
±20%  should  be  applied  to  the  plotted  points  due 
to  differences  between  the  two  Al-filtered  XRD 
measurements.  One  systematic  error,  to  be 
corrected  by  future  spectral  measurements,  is 
due  to  an  assumed  1:1  energy  ratio  between  the 
neon  Ly-a  to  He-a  lines.  A  Cu-filtered  XRD 
was  fielded  on  one  of  the  mass-optimized  1-cm- 
radius  shots  to  measure  the  ratio.  The  measured 
ratio  of  2:1  and  yield  correspond  to  a  350-eV 
plasma  with  80%  of  the  load  mass  contributing 
to  the  x-radiation.  Applying  this  ratio  to  the  Al- 
filtered  XRD  response  suggests  that  the  highest 
plotted  yields  should  be  reduced  by  about  1/3.  The  yields  in  Table  1  include  this  correction. 

Although  the  yields  are  larger  for  the  smaller-radius  nozzles.  Fig.  3'  shows  that  the 
optimum  load  mass  is  the  same  for  the  different  nozzles,  demonstrating  that  optimal  yield 
depends  only  on  K/m.  This  dependence,  predicted  by  simple  analyses,'’’  ^  is  most  easily 
demonstrated  with  an  inductive  driver  such  as  Hawk  because  the  current,  and  therefore  K, 
depend  weakly  on  the  radius-  and  mass-dependent  implosion  time.  On  a  water-line  PRS 
driver,  the  current  during  implosion  depends  strongly  on  implosion  time.  Differences  in  peak 
yield  for  the  two  radius  cases  suggest  differences  in  implosion  quality,  due  perhaps  to 
improved  azimuthal  symmetry  and  stability  at  small-radius. 

The  predicted  radiated  k-line  energy  is  estimated  for  each  shot  from  the  calculated  m  and 
K  values  using  the  Whitney-Giuliani^  and  Two-Level^  models.  These  two  calculations  are 
usually  in  good  agreement.  Figure  4  compares  the  data  of  Fig.  3  to  the  average  of  the  two 
model  yields.  On  average,  a  15:1  compression  ratio  is  required  to  make  the  calculated 
radiation  yield  consistent  with  that  measured.  The  four  highest  experimental  yields  are 
brought  into  better  agreement  with  the  rest  of  the  data  and  analysis  by  applying  the  above  1/3 


Fig.  3.  Experimental  k-line  yield  vs.  specific 
kinetic  energy. 
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reduction  for  a  2: 1  line  ratio.  This  high-quality 
implosion  is  confirmed  by  the  x-ray  pinhole 
images  of  Fig.  5.  The  image  diameters  are 
consistent  with  the  1.3-  to  2.3-mm  stagnation 
diameters  associated  with  a  15:1  compression 
for  the  two  nozzle  radii.  Further  confirmation  is 
provided  by  the  measured  5-  to  15-ns  fwhm 
radiation-pulse  widths.  A  simple  model  can 
estimate  the  radiation  half-width  by  assuming 
inertial  confinement  of  the  stagnated-plasma  at 
either  the  slug-model  final  implosion  velocity  or, 
comparably,  the  sound  speed  determined  from 
the  Two-Level  model  temperature.^  Either 
velocity  divided  into  the  above  stagnated-plasma 
diameters  yields  characteristic  pulse  widths 
consistent  with  measurements. 


0  50  100  150  200  250  300 

Yav  (J/cm) 

Fig.  4.  Comparison  of  experimental  yield  (Y)  with 
an  average  of  the  Two-Level  and  Whitney- 
Giuliani  models  (Yav). 


The  1.75-cm  image  of  Fig.  5  shows  weaker  and  more-diffuse  radiation  from  the  0.5-cm 
region  of  plasma  adjacent  to  the  nozzle.  This  effect,  seen  also  in  other  gas-puff  PRS 
experiments,  may  be  associated  with  the  thin-shell  gas  distribution  close  to  the  nozzle.  Thin 
shells  are  more  susceptible  to  Raleigh-Taylor  instabilities  than  the  more  filled-in  distributions 


further  from  the  nozzle,  and  disruptions  due  to  the 
instability  will  be  greater  for  larger-radius 
implosions. 

In  summary,  the  Hawk  inductive-storage 
generator  has  proved  to  be  an  excellent  test-bed  for 
the  study  of  POS-driven  PRS  implosions.  Fast  and 
efficient  current  transfer  from  the  POS  to  the  load 
has  produced  the  optimum  neon  k-shell  yields 
predicted  by  simple  analyses.  The  characteristic 


weak  dependence  of  implosion  kinetic  energy  on 
load  conditions  is  ideal  for  systematically  studying 


Fig.  5.  Time-integrated  pinhole  photos  for  1- 
cm  and  L75-cm  radius  loads. 


variations  in  load  radius  and  mass.  Experiments  are  continuing  in  order  to:  complete 


measurements  with  the  2.5-cm-radius  nozzle,  determine  the  x-ray  spectrum  as  a  function  of 


K/m,  and  study  the  effeets  of  varying  the  POS-to-PRS  separation  and  plasma  length. 
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Thermal  and  nonthermal  x-ray  emission  from  the  implosion  of  compact  tungsten  wire 
arrays  in  5-MA  Saturn  discharges  is  reported.  The  timing  of  multiple  implosions  and  the 
thermal  x-ray  spectra  (1  to  10  keV)  agree  with  2D  radiation-hydrocode  simulations. 
Nonthermal  x-ray  emission  (10  to  100  keV)  correlates  with  pinch  spots  distributed  along 
the  z-axis.  The  similarities  of  the  measured  nonthermal  spectrum,  yield,  and  pinch-spot 
emission  with  those  of  0.8-MA,  single-exploded-wire  discharges  on  Gamble-II  suggest  a 
common  nonthermal-production  mechanism.  Nonthemal  x-ray  yields  are  lower  than 
expected  from  current  scaling  of  Gamble  II  results,  suggesting  that  implosion  geometries 
are  not  as  efficient  as  single-wire  geometries  for  nonthermal  x-ray  production.  The 
instabilities,  azimuthal  asymmetries,  and  inferred  multiple  implosions  that  accompany  the 
implosion  geometry  lead  to  larger,  more  irregular  pinch  spots,  a  likely  reason  for  reduced 
nonthermal  efficiency.  A  model  for  nonthermal-electron  acceleration  across  magnetic 
fields  in  highly-collisional,  high-atomic-number  plasmas  combined  with  ID  hydrocode 
simulations  of  Saturn  compact  loads  predicts  weak  nonthermal  x-ray  emission. 

Intense  bursts  of  warm  x  rays  (10  to  100  keV)  are  desired  for  the  study  of  in-depth  material 
effects  induced  by  nuclear  radiation.  The  plasma  radiation  source  (PRS)  provides  an  excellent 
source  of  keV  thermal  x  rays  when  the  imploding  plasma  stagnates  on  the  axis  of  symmetry, 
and  its  radial  kinetic  energy  is  converted  into  internal  energy  and  radiation.'  However,  thermal 
radiation  production  from  the  PRS,  of  which  Saturn  is  the  highest-current  example,  drops 
rapidly  for  photon  energies  exceeding  a  few  keV  due  to  the  low  masses  required  for  high 
temperature,  and  the  growth  of  instabilities.'  The  need  for  x-radiation  sources  in  the  5-  to  100- 
keV  regime  between  existing  PRS  and  bremsstrahlung  sources  motivated  the  present  work. 

High-atomic-number  z-discharge  plasmas  created  by  passing  0.8  MA  through  single  wires 
on  the  Gamble-II  generator  demonstrated  matched-load  behavior,''  efficient  conversion  of 
coupled  electrical  energy  to  XUV  radiation,  about  10%  conversion  to  keV  thermal  x-ray  lines 
and  continuum,^  and  more  importantly  for  the  present  work,  about  0.25%  conversion  to  non¬ 
thermal,  bremsstrahlung-like  lines  and  continuum  in  the  5-  to  100-keV  regime'*.  This  and  other 
pinch  plasmas  have  nonthermal  x-ray  emission  correlated  with  the  formation  of  tight,  x-ray- 
bright  pinch  spots. ^  The  Gamble-II  experiments  demonstrated  a  atomic-number  scaling  for 
the  nonthermal  radiation  yield  and  suggested  an  F  current  scaling.  These  scalings  motivated  the 
present  Saturn  experiment^  to  measure  and  model  the  x-radiation  from  tungsten  z-pinches  at 
order-of-magnitude  higher  currents  than  Gamble  H.  Saturn  compact  arrays  were  configured  to 
resemble  the  nonthermal  Gamble-II  loads  in  a  low-inductance  geometry  for  efficient  coupling. 

The  radius  of  the  wire  array  was  chosen  such  that  implosions  occurred  early  with  respect  to 
the  time  of  nominal  peak  current,  enabling  a  sausage-unstable  z-pinch  to  form  pinch  spots’ 
during  the  peak  current-portion  of  the  pulse.  The  array  mass  was  chosen  to  recover  similar 

values  of  E/n  ~  I/(m/L)  as  in  Gamble  II,  where  E  is  an  inductive  electric  field,  n  is  ion  density,  I 
is  current,  m  and  L  are  load  mass  and  length.^  Gamble-II  tungsten-wire  loads  with  strong 
nonthermal  emission  had  F(m/L)  values  of  about  2  MA/(mg/cm).'*  Aluminum,  copper,  and 
tungsten  loads  of  0.5  to  8  mg  were  studied.  For  this  mass  scaling,  a  4-mm-diameter  array  was 
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the  lowest-inductance  configuration  that  satisfied  the  early-implosion  requirement.  This  small 
annular  radius  also  insured  that  a  small-radius  pinch,  similar  to  the  Gamble-II  single-wire 
pinches,  would  form.  Compared  to  conventional  PRS  loads,'  the  Saturn  compact  pinch  has  an 
order-of-magnitude  higher  mass  confined  in  a  region  of  order-of-magnitude  smaller  radius  and 
is  therefore  much  denser  and  brighter. 

Six  B-dot  probes  measured  the  current  in  the  MITL  adjacent  the  insulator  stack,  and  two  B- 
dot  probes  measured  the  current  in  the  radial  feed  adjacent  to  the  load  They  were  bench 
calibrated  and  intercalibrated  with  piezoelectric  stress  gauges  to  an  accuracy  of  5%.  Typically, 
peak  load  currents  were  5.5  MA.  This  current  level  was  lower  than  usual  for  Saturn  because  of 
early  implosion  and  the  higher  inductance  of  the  compact- array.  MITL  currents  were  typically  1 
MA  higher,  indicating  significant  electron-beam  losses  that  were  evidenced  by  strong 
bremsstrahlung  and  damage  in  the  load  region. 

The  temporal  and  spatial  characteristics  of  the  radiation  were  sampled  by  detectors  at  35° 
from  the  normal  to  the  symmetry  axis  so  that  each  viewed  1 .5  cm  of  the  2-cm  plasma  length.  A 
nickel  bolometer,  filtered  diamond  photoconducting  detectors  (PCDs),  and  a  filtered  fluorescer 
array  (FFA)  measured  the  radiation  output  as  a  function  of  time  in  broad  photon-energy  bins 
ranging  from  0  to  -350  keV.^  A  fast-framing  x-ray  pinhole  camera  measured  the  spatial 
distribution  of  the  radiation  in  l-to-4-keV  and  4-to-lO-keV  energy  bands  in  five,  3-ns  frames 
with  5 -ns  dwell  times.  A  KAP  crystal  spectrometer  measured  the  time-integrated  x-ray 
spectrum  from  0.8  to  3  keV  with  1-eV  resolution.  Owing  to  the  broad  band  response  of  the 
detectors  and  uncertainties  in  x-ray  spectra,  the  uncertainty  in  the  measured  radiation  output 


from  a  PCD  or  FFA  is  about  a  factor  of  two. 

Figure  1  compares  the  radiation  measured  in  the  bolometer  (response  centered  at  0.4  keV),  a 
1-keV  PCD,  and  a  140-keV  PCD  for  4-mg  A1  and  W  compact-array  loads.  The  140-keV 
channel  shows  a  broad  electron-beam-bremsstrahlung  signature  on  top  of  which  nonthermal 
radiation  spikes  from  the  plasma  are  visible  for  the  tungsten  load.  Though  x-ray  yields  in  the 
sub-keV  and  keV  regimes  were  comparable  for  Al,  Cu,  and  W,  higher-energy,  nonthermal 
yields  were  consistent  with  the  Z“  scaling  observed  in  Gamble-II  experiments.  Tungsten  x-ray 
yields  in  the  10-  to  100-keV 

regime  were  comparable  to  those  Al  VV 

measured  on  Gamble  II  at  lower  s-r— - 1 - 1 - 1  ' - 

currents,  resulting  in  a  yield  ^  .  >  i  o.4  IL  |  0.4 

efficiency  of  about  (0.05  ±  ^  ^  fn  '  l\  Hi 
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pressure  and  the  plasma  is  Fig.  1.  Comparison  of  radiation  measured  in  the  bolometer  (0.4 
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Fig.  1 .  Comparison  of  radiation  measured  in  the  bolometer  (0.4 
keV),  1-keV  PCD,  and  140-keV  PCD  for  4-mg  Al  and  W 
loads. 
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current  pulse  decays,  excess  internal  energy  is  radiated  away,  or  instabilities  terminate  the 
oscillations.  Quantitative  agreement  between  experiment  and  RhfflD  results  for  the  variation  of 
bounce  period  with  mass  indicates  that  the  current  measured  by  the  load  monitors  indeed  flows 
through  the  plasma. 

Additional  support  for  the  load-current  measurements  is  provided  by  the  measured  variation 
of  implosion  time  with  load  mass  in  Fig.  2.  The  circuit-model  code  Zork  with  a  slug-model 
imploding  load  calculates  current  histories  and  implosion  times  that  agree  with  the  load  monitors 
and  x-ray  diagnostics.^  The  dashed  line  corresponds  to  the  implosion  time  for  a  linearly- 
increasing  current  fitted  to  the  Saturn  waveform.^ 


Figure  3  compares  power-law  fits 
to  the  time-integrated  x-ray  spectrum 
measured  by  the  various  diagnostics 
with  that  calculated  by  RMHD  for  a  4- 
mg  W  load.  The  short  dashed  lines 
show  the  uncertainties  in  the  x-ray 
measurements.  Little  spectrd 
difference  is  measured  over  masses  of 
1  to  4  mg.  The  spectrum  shows  a  clear 
change  in  slope  at  about  10  keV 
separating  thermal  and  nonthermal 
regimes.  Comparison  of  the  measured 
spectrum  with  RMHD  shows  that 

photon  energies  hv  >  12  keV  are 
associated  with  nonthermal  processes 
not  accounted  for  in  the  simulation. 
The  slope  of  the  measured  spectrum  in 


the  10-  to  100-keV  range  is  consistent 


with  that  measured  in  the  Gamble-II  pjg  2,  Variation  of  measured  and  calculated  implosion  time 

experiment'*:  both  spectra  vary  like  with  load  mass. 


(hv)'*'*.  This  similarity  indicates 


similar  nonthermal-electron  spectra  in 
the  two  experiments,  thereby 
suggesting  a  common  nonthermal- 
production  mechanism.  However,  the 
Gamble-II  nonthermal  efficiency  was 
about  three  times  higher  than  Saturn’s, 
suggesting  that  an  implosion  geometry 
does  not  produce  nonthermal  x  rays  as 
efficiently  as  single-wire  discharges. 
Instabilities,  azimuthal  asymmetries, 
and  inferred  multiple  implosions  that 
accompany  the  implosion  geometry 
lead  to  larger,  more  irregular  pinch 
spots,  a  likely  reason  for  reduced 
nonthermal  efficiency. 

A  fluid  model  for  nonthermal 
electron  acceleration  in  dense,  high- 
atomic-number  (high-Z)  z-pinches  has 
been  developed  and  benchmarked 
against  the  electromagnetic,  Monte- 
Carlo  code  IPROP.^’‘°  In  such 


X-Ray  Energy  (keV) 


Fig.  3.  Comparison  of  experimental  power-law  spectrum 
with  that  calculated  by  RMHD  for  a  4-mg  tungsten 
load. 


plasmas,  electrons  (with  initial  energies  in  excess  of  a  minimum  value  Kq)  gain  energy  from  the 
electric  field  (in  excess  of  a  critical  field  Eg)  by  cross-field  scattering  collisions  until  they  reach 
energy  Kf,  an  energy  high  enough  to  make  them  collisionless  on  the  cyclotron-frequency  time- 
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-5  1/2  2/3  1/3  ^  “  l/(Z+2),  He  is  the  electron  cyclotron 

Ec(  V  /  cm)  =  3x10  £  Qc  frequency,  and  is  the  elastic  scattering  frequency  for  a 

Ko(eV)=  /E  250-keV  electron.  For  electric  fields  lower  than  or 

14  2  q2  initial  electron  energies  below  ,  no  energy  gain  above 

Kf(eV)  =  6xlO  E  /£i  c  thermal  levels  is  predicted.  When  the  magnetic  field 

approaches  zero,  only  the  Kq  equation,  essentially  the  Dreicer  runaway  condition,  is  significant. 
High  energies  are  achieved  for  high-Z  because  the  scattering  rate  is  about  Z-times  the  energy 
loss  rate.  The  particle-in-cell  MHD  code  TIP,  used  to  study  the  time-evolution  of  density, 
temperature,  and  electromagnetic-field  radial  profiles  in  compact-array  pinches®,  calculates  that 
peak  electric  fields  and  temperatures  are  at  least  an  order-of-magnitude  less  than  the  minimum 
required  values  Ec  and  Kq.  Therefore,  strong  nonthermal-electron  acceleration  is  not  predicted, 
in  support  of  Saturn  experimental  observations. 

‘This  work  was  supported  by  the  U.S.  DOE  under  Contract  DE-AC04-94AL85000. 
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Abstract 

A  systems  study  of  the  power  flow  coupling  between  the  multi-modular,  inductive 
energy  store  DECADE-QUAD  generator  and  an  imploding  z-pinch  load  is  investigated  and 
discussed.  An  end-to-end  numerical  simulation  for  the  transmission  line  generator,  the  plasma 
opening  switch,  and  the  dynamic  load  is  applied  to  predict  the  inductive  notch  of  the  load 
current,  the  kinetic  energy  coupling,  and  the  radiation  yield  arising  from  argon  puff  gas 
implosions.  Predicted  load  performance  is  evaluated  using  a  1-D  non-LTE  radiation  transport 
treatment  self  consistently  coupled  to  the  MHD  model  and  circuit  power  flow.  The  loads  are 
configured  as  shells,  uniform  fills,  and  structured  density  profiles.  The  latter  profiles  are 
chosen  for  their  stability  during  run-in  as  determined  by  2-D  MHD  numerical  simulations. 
Various  models  of  the  switch  behavior  are  studied  and  their  impact  on  the  load  dynamics.  The 
radiative  performance  from  an  argon  puff  gas  will  be  determined  as  a  function  of  switch 
model,  mass  loading,  and  initial  pinch  radius. 


^Research  supported  by  the  Defense  Nuclear  Agency 


(The  full  text  has  not  been  supplied.) 
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Abstract.  Optimization  of  shell  parameters  for  further  imploding  in  a  Z-pinch 
has  been  done.  The  nozzle  shape  was  selected  with  the  help  of  two  dimensional  gas 
dynamics  computer  simulation.  During  the  optimization  the  influence  of  the 
electrode  configuration  was  taken  into  account.  Two  types  of  nozzle  are  presented. 

The  advanced  construction  with  three  gaseous  shells  may  use  different  gases.  The 
other  one  is  based  on  aluminium  vapor  jet.  The  designs  were  tested  by 
interferometry.  Resulting  mass  distributions  are  analyzed  by  real  experiment  and  by 
means  of  2D  MHD  computer  simulations.  New  nozzles  provides  smaller  zippering, 
higher  radiation  power  and  more  reproductive  results. 

Introduction 

The  aim  of  this  study  was  in  the  increasing  of  generator  energy  contribution  to  compressing 
substance.  The  optimization  of  such  complicated  nonlinear  system  requires  the  deep 
understanding  of  physical  processes.  The  numerical  simulations  give  the  full  picture  of  the  flow 
and  by  this  reason  allow  to  find  the  solution  in  an  acceptable  time. 

The  determination  of  nozzle  profile,  which  gives  the  stationary  homogeneous  output  flow 
with  highest  possible  exit  velocity,  is  a  classical  aerodynamical  problem  with  well  known 
solutions.  Such  direct  approach  is  not  effective  in  case  of  gas-puff  nozzles.  Simple  estimations 
show,  that  due  to  the  design  limitations  it  is  very  difficult  to  get  Mach  number  higher  than  4-5, 
what  gives  the  jet  spreading  angle  at  least  15°-20°.  This  is  not  sufficient.  Other  problems  is 
specific  for  powerful  current  generators.  Stationary  or  quasi  stationary  regime  requires  big 
delay  of  the  main  shot  after  the  opening  of  the  valve.  This  delay  becomes  especially  great  for 
longer  high  Mach  nozzles.  Due  to  high  gas  leakage  into  the  interelectrode  space,  the  vacuum  is 
aggravated,  and  in  result,  the  implosion  results  are  unstable  and  bad  vacuum  can  even  lead  to 
shortcut  of  the  main  current. 

For  further  optimization  we  use  the  nozzles  with  nonhomogeneous  exit  flow.  In  such  kind  of 
nozzles  the  gas  after  the  throat  expands  intensively  in  the  transverse  direction,  though  this 
expansion  slows  down  with  the  longitudinal  distance.  Flow  interaction  with  walls  at  the  final 
part  of  the  nozzle  produce  a  skew  shock  wave,  which  allows  to  concentrate  a  larger  fraction  of 
mass  near  the  axis.  Analogous  type  of  nozzles  has  been  used  for  gas  target  production  at  [1]  in 
laser  experiments.  The  effect  of  this  approach  is  local,  it  gives  sm^ler  jet  divergence  only  in  the 
interelectrode  region.  Further  from  the  nozzle  the  jet  divergence  is  even  increased  because  of  the 
fall  of  the  exit  mean  Mach  number,  but  this  region  is  already  out  of  our  interest. 

Moreover,  we  apply  the  same  principle  not  only  to  the  simple  central  jet  (as  in  [1]),  but  also 
to  the  annular  hollow  jets,  which  compose  complex  multishell  liner. 

Two  nozzle  designs  are  presented  here.  Three  shell  system  is  produced  by  the  complex 
nozzle  and  is  intended  for  powerful  generators.  Its  supplying  system  enables  independent 
regulation  of  the  mass  in  each  shell  and  the  use  of  different  gases  in  these  shells.  Other  nozzle 
uses  aluminium  vapor  and  is  optimized  for  GAFL  generator  [2]. 

The  results  of  gas  dynamical  simulations  were  tested  by  optical  methods.  The  resulting 
efficiency  of  the  design  is  estimated  as  by  the  experiment,  as  by  two  dimensional  MHD 
simulations.  Such  exhaustive  use  of  simulations  on  all  stages  provide  comprehensive  analysis 
of  the  considered  processes. 

Numerical  methods 

For  modeling  of  transient  processes  of  start  up  flow  from  the  gas  puff  nozzles  a  conservative 
form  of  Fuler  equations  is  used.  Gas  was  considered  like  compressible  and  ideal.  The 
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computations  were  made  by  the  homogeneous  conservative  difference  algorithm,  realized  in 
multidimensional  gas  dynamics  simulation  code  AEOL  [3].  The  main  distinction  of  the 
algorithm  is  in  the  use  of  rectangular  grids  without  fitting  between  the  boundary  and  the  mesh. 
This  approach  allows  to  change  the  shape  of  the  object  easily. 

For  MHD  simulations  a  new  adaptive  mesh  refinement  method  (AMR)  [4]  was  used.  In 
adaptive  mesh  refinement  approach  the  points  can  be  added  to  a  fixed  mesh,  where  it  is 
necessary,  and  can  be  deleted,  where  they  become  unnecessary.  This  economies  computer 
resources.  AMR  method,  proposed  in  [4],  was  developed  specially  for  the  simulation  of  the 
essentially  nonlinear  problems,  and  it  can  be  used  not  only  for  traditional  gas  dynamics 
computations,  but  also  for  complicated  and  strongly  non  stationary  problems  of  hot  plasma 
dynamics.  This  method  is  very  effective,  the  time  of  run  for  Z-pinch  simulation  is  only  10-30 
minutes  on  a  middle  range  workstation. 

One  fluid  two  component  model  of  fully  ionized  plasma  with  modified  Spitzer  conductivity 
was  chosen  for  this  simulations.  These  modifications  correct  the  conductivity  value  for  low 
density  regions. 

Design  of  three  shell  nozzle 

On  GIT-4  installation  for  Z-pinch  experiments  on  gas-puff  and  plasma-on-wire 
configurations  two  split  nozzle  had  been  used.  Despite  the  flow  from  the  outer  nozzle  is 
preionized,  but  in  the  experiments  it  has  no  influence  on  compression.  After  computer 
simulation  it  was  found  that  the  outer  shell  produces  insignificant  mass. 


Fig.1  Flow  from  new  nozzle  ,  t=300  ms.  Fig. 2  Mass  distributions  for  different  Z,  t=300  jis. 

Mach  number  contours.  Doted  lines  limit  the  areas  with  70-80-90  percents 

of  mass  in  cross  section 

For  further  experiments  it  was  necessary  to  design  another  nozzle  system,  which  can  provide 
complex  multi  layer  gas  target.  Wire  can  be  installed  at  the  axis  of  the  system.  The  gas  shell 
may  consist  from  up  to  3  gas  layers,  with  possibility  of  different  gases  in  each  part  of  the  shell. 
External  shell  diameter  is  60  mm,  main  shell  diameter  -  28  mm,  the  thickness  is  about  a  few 
millimeters  In  the  central  part.a  simple  5  mm  jet  may  be  added. 

The  smaller  is  the  divergence  and  spreading  of  shells  -  the  better.  But  this  ideal  confi^ation 
is  impossible  because  of  different  limitations  in  design.  To  decrease  the  jets  spreading  it  is 
necessary  to  enlarge  the  jet  exit  Mach  number.  Two  shell  system  requires  two  annular  splits 
configuration.  In  this  case  it  is  very  difficult  to  increase  exit  Mach  number  of  jets,  because  the 
expansion  ratio  is  proportional  to  the  difference  between  the  throat  and  the  exit  split  widths.  The 
width  of  the  throat  is  limited  by  0.5-1  mm,  because  such  mechanical  precision  can  be  supported 
in  normal  exploitation  conditions.  The  output  width  is  limited  by  5-6  mm.  This  limits  the  Mach 
number  by  values  4-5,  and  the  divergence  of  the  jet  stays  still  big.  It  is  necessary  to  undertake 
other  measures.  These  may  be  inclined  nozzles,  or  concave-convex  nozzle  profiles,  which  have 
been  successfully  used  in  [1].  Here  they  are  used  for  annular  jets.  All  these  measures  give  local 
effect  in  axial  direction,  but  is  is  necessary  to  form  good  gas  shells  only  for  2  cm  distance 
between  cathode  and  anode. 
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Three  gas  system  with  possibility  of  separate  regulation  of  pressure  and  mass  load  of  each 
shell  requires  complex  supplying  system,  which  must  provide  also  good  angular  homogeneity 
of  all  the  shell.  It  makes  this  system  rather  complicated,  because  it  is  necessary  to  fix  in  space  a 
few  nested  coaxial  cylinders.  Two  annular  valves  would  be  too  heavy  to  work  fast.  So,  multi 
piston  valve  system  was  selected.  It  consists  from  6  valves/holes  inside  toroidal  plenum 
chamber  in  external  shell,  3  -  for  intermediate  shell  and  from  1  valve/hole  cylindrical  chamber. 
The  pistons  of  all  valves  are  moved  synchronically.  The  number  of  valves  is  limited,  in  other 
case  the  system  will  be  very  heavy  and  slow.  Because  of  low  number  of  holes  between  plenum 
and  vacuum,  it  was  necessary  to  introduce  stilling  chambers.  The  number  of  holes  from  stilling 
chamber  to  the  nozzles  (12  and  6)  is  twice  as  the  number  of  valves,  and  these  holes  are  shifted 
angularly  with  respect  to  valves,  to  gives  the  equal  path  for  different  gas  jets. 

Careful  optimization  of  the  principally  different  nozzle  configurations  have  been  done.  The 
resulting  nozzle  profiles  and  the  flow  (Mach  number  contours)  can  be  seen  on  Fig.l.  In  2D 
simulations  the  sets  of  holes  was  transformed  to  annular  channels  with  equivalent  areas.  The 

recommended  time  of  shot  is  about  300  p-S  after  the  the  opening  of  the  valves.  Flow  regime  is 
not  yet  stationary,  but  the  suitable  density  distribution  is  already  formed.  This  small  delay  also 
strictly  limits  the  dangerous  penetration  of  gas  into  the  vacuum  chamber. 


Fig.3  Front  view  of  the  nozzle  system. 

The  mass  load  of  each  shell  or  jet  is  proportional  to  its  plenum  pressure  and  can  be  varied 
independently.  The  simulations  show,  that  the  mutual  influence  of  shells  during  such  regulation 
does  not  change  the  principal  features  of  the  flow. 

The  resulting  mass  distribution  is  given  on  Fig.2  for  same  plenum  pressure  in  all  chambers 

of  0.5  atm  for  argon.  In  this  case  the  mass  load  is  about  80  pg/cm.  Jet  divergence  is  small. 
Axial  mass  load  variation  at  2  cm  length  is  within  a  few  percents. 

This  nozzle  has  other  advantage:  the  high  density  gradients  on  the  external  side  of  the  outer 
shell.  During  discharge  this  will  provide  easy  formation  of  a  thin  current  layer,  and, 
consequently,  efficient  start  of  pinch  compression. 

The  external  sight  of  nozzle  system  is  at  Fig.3.  Time  resolved  interferometry  and  other 
optical  diagnostics  confirmed  all  results  of  gas  dynamical  simulations. 

MHD  simulation  of  Z-pinch  compression. 

The  behavior  of  such  complex  mass  distribution  during  Z-pinch  compression  was  estimated 
numerically.  The  results  of  simulations  for  generator  parameters  of  GIT-4  are  presented  on 
Fig.4.  The  distributions  of  density,  gas  pressure  and  magnetic  filed  are  presented  for  the 
moment  of  maximal  current  (1  MA).  From  this  figure  it  can  be  also  seen  how  the  mesh  is 
adopted  to  the  solution. 
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Fig.4  MHD  simulation  of  gas-puff  implosion  on  GIT-4,  t=150  ns 

The  initial  density  field  was  taken  from  gas  dynamics  simulations  for  plenum  pressure  in 
external  shell  four  times  smaller  than  for  internal.  Because  of  too  high  mass  the  compression  is 
not  very  deep,  but  homogeneous.  Zippering  effect  is  absolutely  negligible,  and  no  instabilities 
arise. 

Aluminium  vapor  nozzle  optimization 

Among  different  methods  of  gas-puff  creation  for  Z-pinch  compression  a  metal  vapor  jet 
looks  attractive.  On  GAEL  installation  (2.3  Ohm,  250  kA,  60  ns)  [1]  the  vapor  is  produced  in 
the  explosion  of  an  aluminium  foil  by  an  additional  source  of  current.  Gas  dynamics  simulation 
usually  starts  up  from  the  moment  when  all  aluminium  foil  is  vaporized  after  the  preliminary 
discharge. 

In  the  standard  nozzle  the  jet  spreading  was  high.  In  our  case  annular  nozzle  is  inapplicable 
because  simulation  results  show  that  in  such  design  the  nozzle  throat  gap  must  be  about  0.1 
mm.  It  is  difficult  to  support  such  mechanical  precision  in  normal  exploitation  conditions. 

In  the  case  of  a  single  hole-type  nozzle  the  cross  section  area  is  increased  as  the  radius 
squared.  This  gives  higher  exit  to  throat  areas  ratio  and,  therefore,  higher  Mach  number  in 
comparison  with  the  annular  geometry  of  the  nozzle.  In  our  case  the  central  tube  has  a  diameter 
of  about  2  mm  and  the  exit  hole  diameter  is  limited  from  above  by  5  mm.  This  yields  the  Mach 
number  of  about  4. 

Jet  radius  was  minimized  by  simulations.  In  the  experiment  the  new  nozzle  shows  better  Z- 
pinch  performance  with  respect  to  the  old  configuration. 

Conclusions 

In  this  paper,  on  the  basis  of  the  gas  dynamics  computer  simulation,  the  gas-puff  preparation 
is  investigated  and  improved  for  the  concrete  installations.  Non  traditional  method  of  gas-puff 
nozzle  design,  which  is  proposed  here,  enables  serious  improvements.The  resulting 
configurations  of  the  nozzles  were  estimated  by  MHD  simulations  of  Z-pinch  compression. 

In  experiments  the  elaborated  systems  provide  higher  radiation  output  and  more  reproductive 
results. 
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[4]  Semushin  S.A.,  Adaptive  Mesh  Refinement  approach  for  MHD  and  gas  dynamical  problems. Preprint  LPMI, 
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SPACE  AND  TIME  RESOLVED  OBSERVATIONS  OF  PLASMA 
DYNAMICS  IN  A  COMPRESSIONAL  GAS  EMBEDDED  Z-PINCH 


L.  Soto*.  H.  Chuaqui^,  M.  Favre^,  R.  Saavedra^,  E.  Wyndham^,  R.  Aliaga-RosseP,  I.  MitchelP 

^  Comision  Chilena  de  Energia  Nuclear,  Casilla  J88-D,  Santiago,  Chile. 

^  Facultad  de  Fisica,  Pontificia  Universidad  Catolica  de  Chile,  Casilla  306,  Santiago  22, 

Chile 

^  The  Blackett  Laboratory,  Imperial  College,  London  SW7  2BZ,  U.  K. 

Recent  experiments  in  a  gas  embedded  compressional  Z-pinch  are  presented.  The 
experiments  have  been  carried  out  in  H2  at  1/3  atm,  using  a  pulse  power  generator  capable  of 
delivering  a  dl/dt  >  10^^  A/s.  The  pinch  is  initiated  by  a  focused  laser  pulse,  which  is  coaxial 
with  a  cylindrical  DC  microdischarge.  This  configuration  results  in  double  column  pinch  at 
early  times,  which  at  current  rise  evolves  into  a  gas  embedded  compressional  Z-pinch. 
Diagnostics  used  are  Rogowskii  coil,  single  frame  holographic  interferometry  and 
holographic  shadowgraphy,  visible  streak  camera  images  from  which,  cunent,  density,  line 
density,  pinch  radius  and  plasma  motion  are  obtained.  The  pinch  is  characterized  by  a 
maximum  on  axis  density  which  is  much  higher  than  the  expected  value  from  filling  pressure, 
with  a  Bennett  temperature  of  40  eV  at  130  kA..  Results  shown  confirm  the  high  degree  of 
compression  achievable  with  the  composite  preionization  scheme. 


INTRODUCTION 

The  study  of  various  Z-pinch  configurations  has  provided  some  understanding  of  the  relevant 
mechanisms  leading  to  instabilities.  Disruption  of  the  discharge  by  these  instabilities  severely 
limit  the  maximum  temperature  and  density.  A  number  of  experiments  have  been  carried  out  in 
Z-pinches  using  our  small  pulse  power  generator(GEPOPU).  Experimental  results  obtained 
show  that  generally  in  gas  embedded  Z-pinches,  after  an  initial  expansion,  m  =  I  instabilities 
leading  to  a  .  helix  develop,  eventually  disrupting  the  plasma  column.  The  development  of  these 
instabilities  happens  during  tens  of  nanoseconds. 

Recently  a  new  configuration  of  a  gas  embedded  Z-pinch  has  been  reported  [1],  a  double 
column  pinch  in  that  it  is  possible  to  obtain  a  gas  embedded  compressional  Z-pinch.  This 
configuration  exhibits  axial  compression  up  to  twice  the  expected  value  from  filling  pressure, 
and  some  20  times  the  density  obtained  in  a  conventional  laser  initiated  Z-pinch.  In  previous 
work  we  have  compared  the  behavior  in  three  gas  embedded  Z-pinch  configurations  under 
different  preionization  conditions:  laser  initiated,  needle  Z-pinch,  and  a  composite  Z-pinch, 
performed  in  the  same  generator.  Anomalous  stability  has  been  observed  in  the  needle  Z-pinch 
and  compressional  gas  embedded  Z-pinch.  It  is  conjectured  that  the  stability  observed  is 
explained  by  resitive  effects  and  finite  Larmor  radius  effects[2,3].  In  the  present  work  new 
experimental  results  in  the  gas  embedded  compressional  Z-pinch  in  H2  at  1/3  atm  are 
presented. 


EXPERIMENTAL  APPARATUS 

The  experiments  were  carried  out  on  GEPOPU,  a  generator  capable  of  delivering  currents  up 
to  200  to  a  1.5  D  impedance  load  for  120  ns.  The  value  of  dl/dt  of  the  current  ramp  was 
approximately  2-10'^  A/s.  A  DC  microdischarge  is  established  between  two  stainless  steel 
conical  hollow  electrodes  with  2  mm  diameter,  separated  by  10  mm.  A  few  nanoseconds 
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before  the  application  of  the  main  voltage  from  the  driver,  a  pulsed  Nd-YAG  laser  (20  ns,  200 
mJ  at  1.06  p,m)  is  focused  through  the  anode  onto  the  cathode.  As  the  main  voltage  is  applied, 
the  laser  generated  plasma  acts  as  an  electron  source  to  provide  preionization  on  a  central 
plasma  column.  Initially  this  conduction  channel  is  highly  resistive.  The  combined 
preionization  scheme  produces  two  parallel  concentric  conductive  paths. 

A  Nd-YAG  frequency  doubled  6  ns  laser  pulse  was  used  for  optical  diagnostics  to  obtain 
simultaneous  single  shot  image-plane  holographic  interferometry  and  holographic 
shadowgraphy.  Visible  streak  camera  provides  radial  and  axial  plasma  motion.  In  this  way  the 
evolution  of  the  electron  density  profile,  «e(^),  the  electron  line  density,  N,  and  the  external  Z- 
pinch  radius,  a,  are  obtained  with  good  temporal  and  spatial  resolution.  The  total  current,  I{t), 
and  the  external  voltage,  V{t),  were  also  measured  with  a  Rogowskii  coil  and  a  capacitive 
divider.  A  maximum  voltage  of  200  kV  was  used. 


RESULTS  AND  DISCUSSION 

In  previous  work  [1]  we  have  obtained  a  sequence  of  eight  interferometric  frames  with  a  10  ra 
separation  between  frames  from  the  same  discharge.  This  diagnostics  has  good  temporal 
resolution  but  limited  spatial  resolution[4].  From  these  holographic  multiframe  interferograms 
it  became  apparent  that  the  electron  density  at  the  centre  is  an  increasing  function  of  time, 
during  the  initial  110  wi'.  However,  the  low  spatial  resolution  of  the  interferograms  provided 
deconvolution  of  the  density  profile  which  resulted  in  large  error  margin  in  the  line  density 
estimates.  Simultaneous  single  frame  holographic  interferogram  and  shadowgram  presented 
here,  confirm  earlier  results  and  provide  quantitative  information  about  electron  density  profile 
and  a  significantly  better  measurement  of  the  line  density. 


18  ns  75  ns  180  ns 


Figure  1  Sequence  of  simultaneous  holographic  shadowgrams  (top)  and  interferograms  (bottom)  obtained  on 
three  separate  shots. 
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Figure  2  Density  profiles  obtained  from 
interferograms  shown  in  Fig.  1.  At  early  times  the 
density  is  not  measurerable  in  the  interferogram. 


Figure  3  Typical  current  trace,  arrows  show  the 
corresponding  times  for  the  interferograms  shown  in 
Fig.  1. 


In  figure  1  shadowgrams  and  interferograms  are  shown  for  three  different  times.  Figure  2 
shows  the  corresponding  Abel  inversions  which  provide  electron  density  as  a  function  of 
radius.  A  typical  current  trace,  with  arrows  showing  the  times  for  the  interferograms,  is  shown 
in  figure  3.  At  18  775  ionization  at  the  pinch  edge  is  observed,  whereas  no  fringe  deviation  is 
apparent  near  the  axis.  This  indicates  that  the  axial  electron  density  is  smaller  than  1.2x10^^  m 
\  being  larger  than  4xlO^V^  at  75  ns  after  the  current  start.  From  the  corresponding 
shadowgram  it  can  be  seen  that  the  refractivity  is  high  at  the  pinch  centre,  which  is  in 
agreement  with  the  fact  that  no  fringes  are  visible  at  the  centre  of  the  interferogram.  At  later 
times,  180  ns,  near  the  peak  current  of  130  kA,  the  electron  density  at  the  centre  is  3.8x10^^  m 
The  line  density  under  these  conditions  is  of  the  order  of  5x1 0'^  m  which  is  significantly 
higher  than  reported  previously.  This  difference  is  due  to  a  higher  electron  density  at  the  pinch 
centre  and  a  much  better  defined  plasma  edge  density  profile.  The  Bennett  temperature  can 
thus  be  estimated  at  only  40  eV,  which  is  consistent  with  the  negative  results  obtained  with  soft 
X-ray  diagnostics  used  to  measure  temperature. 

From  axial  streak  photographs  it  is  observed  that  the  initial  laser  spark  at  the  centre  has 
independent  dynamics,  which  is  consisten  with  a  metallic  laser  spark  in  expansion.  The  spark 
remains  near  the  electrode.  This  observations  agree  with  previous  inteferometric  results[l] 
which  show  that  the  maximum  spark  size  is  2  mm  at  50  ns.  From  radial  streak  photographs,  as 
shown  in  figure  4,  an  initial  10  ns  fast  expansion  phase  is  observed,  followed  by  about  50  ns 
expansion  of  the  central  channel  of  2x10'*  m/s.  The  expansion  of  the  internal  wall  of  the 
annular  plasma  is  of  the  same  order,  whereas  the  externel  wall  has  a  slower  expanding  velocity 
of  6x10^  m/s.  A  direct  comparison  with  either  a  laser  initiated  gas  embedded  Z-pinch,  needle 
Z-pinch  (both  with_single  axial  current  channel),  or  annular  initial  microdischarge  only,  does 
produce  a  significantly  different  behaviour.  The  reduced  expanding  rate  of  the  external  wall  in 
the  composite  pinch  compared  with  the  microdischarge  only  case,  is  presumably  due  to  the 
presence  of  the  central  current  channel.  The  fact  that  the  laser  initiation  does  make  a  difference 
is  an  indirect  evidence  that  there  is  a  significant  fraction  of  the  current  flowing  near  the  axis. 
At  the  end  of  this  phase  the  two  initial  plasmas  coalesce  into  one  with  an  apparent  internal 
structure,  a  brigther  central  region  which  is  maintained  during  the  following  1 10  At  the  end 
of  this  phase  the  maximum  current  is  achieved  (130  kA).  This  interpretation  is  consistent  with 
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Figure  4  Radial  streak  photograph  in  which  the  different  expansion  rates  are  observed, 
having  separate  coaxial  initial  current  channels  coalescing  at  later  times. 

the  holographic  observations.  Densities  achieved  in  the  composite  pinch  are  significantly  higher 
than  those  observed  in  a  laser  initiated  gas  embedded  pinch.  The  results  shown  here  confirm 
that  in  the  composite  pinch  radial  compression  is  obtained.  This  is  the  only  gas  embedded  pinch 
in  which  this  behaviour  has  been  observed  so  far. 

Results  obtained  with  the  present  configuration  suggest  that  by  controlling  the  initial 
preionization  conditions  it  migth  be  possible  to  improve  the  stability  properties  of  a  gas 
embedded  Z-pinch.  Future  work  being  considered  includes  experiments  with  smaller  intial 
radius  for  the  annulus,  lower  background  pressure  and  up  to  1.2  MA  peak  current  in  the 
LLAMPUDKEN  generator[5]. 
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Abstract 

The  macroscopic  dynamics  of  a  cylindrical  gas-puff  pinch  and  conditions  of  radiation  plasma 
collapse  are  studied  by  using  a  one-dimensional  (‘mechanical’)  computer  model.  Besides  the  Joule 
plasma  heating,  compressional  heating,  magnetic  field  freezing  in  a  plasma  and  recombination  losses 
also  the  real  temperature-  and  density-dependencies  of  radiation  plasma  loss  are  taken  into  account. 
The  results  of  calculations  are  compared  with  experimental  data  taken  from  a  small  neon-puff  z-pinch 
experiment  operated  at  IPP  Prague. 


Introduction 

Pronounced  radial  oscillations  of  the  beam-heated  magnetized  plasma  column  and  quasi 
periodical  bounces  of  the  z-pinch  plasma  bulk  radius  are  often  observed  in  relativistic  electron 
beam-plasma  experiments  with  short-pulse  beams  and  in  small  gas-puff  pinches  [1,2].  These 
oscillatory  movements  are  in  fact  the  forced  macroscopic  oscillations  of  an  elastic  hot-plasma 
body  driven  by  fast  changes  of  the  radial  pressure  balance.  In  gas-puff  Z-pinches,  the  driving 
force  Fgxt  of  plasma  oscillations  is  the  external  magnetic  pressure  produced  by  the  driving 
current  I(t),  and  the  counter  force  is  the  plasma  kinetic  pressure  (+  eventually  the  pressure  of  a 
magnetic  field  frozen  in  a  plasma  at  early  pinch  stages).  The  pinch  dynamics  can  be  studied  by 
using  the  one-dimensional  analytical  model  (see  [3-6])  based  on  energy,  momentum  and 
particle  conservation  laws,  in  which  a  long  cylindrical  plasma  body  is  characterized  by  the 
(reduced)  mass  per  unit  length  M*=M/2,  by  the  time-dependent  radius  R(t),  and  by  the 
(averaged  over  the  plasma  cross  section)  temperature  T(t)  and  density  N=N(t). 


Model  equations 

Providing  that  the  total 


number  of  particles  per  unit  plasma  length  remains  conserved 
during  the  investigated  process),  the  radial  plasma  dynamics 
may  be  described  by  three  coupled  balance  equations  for  three 
time-dependent  functions  only  -  R(t),  N(t)  and  T(t)  -  with  the 
initial  values  Ro,  No,  To  :  the  particle  balance  equation 
NR^  =NoRo\ 


the  momentum  balance  differential  equation 
d'^R  ^  IdR  _  p  p, 

dt^  R  dt 


and  the  energy  balance  differential  equation 

~~~  (Wkin  Sint)  -Fheating  "  ■f’loss; 
dt 


where  /^jnt  ^thermal  T  (Tfrozens)  mid  Fgxt  Fdrjvingi  m'e  the  internal  forces  and  external  (driving) 
forces,  respectively,  Cyisc  characterizes  the  viscous  damping,  and 


■Fthemial  —  NTS, 


F’fr 


ozen  B 


lloll 


Fa 


Molitf 


Iriving  I 


ZttR  . ^ttR 

l(t)  is  the  time-dependent  driving  current,  ft  some  start  skin-off  current  value,  /’heating  is  the 
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heating  power,  Cheating  =  -Pjouie  P compr  ,  and  ^ loss  Prcc^  P radiation  the  loSS  pOWCf,  whcte 

1  P  ^  ^,^]_fdRY 

r 


P  Joule 


P. 


compr 


M* 


dtJ 


(7  TtR^ 

and  the  the  kinetic  and  thermal  plasma  energies  IFkin  and  Q^x  are  defined  as 


Aec=p7’ 


M* 


V  dt 


—  and 


Qint  =2%No-Ro 


T_ 

R 


RADIATION  LOSSES 


Fig.  lb 


T[eV| 


The  radiation  loss  temperature-dependence 

P radiation  ~Japprox(T)  'Po  'Po 

is  introduced  through  the  interpolating  functions 
(Fig.  la)  constructed  on  the  base  of  the  plasma 
radiation  data  for  hydrogen,  oxygen  and  neon 
published  e.g.  in  [7-9]. 

Another  approximation  function  is  used  for  the  tem¬ 
perature  dependence  of  the  neon  ion  charge  Z  =  Z(T)  - 
see  Fig.  lb.  In  such  a  case  the  substitution 
N  -»  N(1 +Z{T})  was  used. 

Though  such  an  approach  results  in  restricting 
the  investigated  plasma  movement  to  homogenous 
expansion  (compression)  only,  all  plasma  mixing 
processes  (instabilities,  turbulence)  being  necessarily 
neglected,  it  proved  to  be  useful  at  studying  the 
influence  on  the  global  plasma  dynamics  of  a  number 
of  energy  transfer  processes.  On  the  first  place  the 
influence  of  radiation  losses  on  the  pinch  dynamics 
was  studied. 


PINCH  RADIUS 


Fig.  2a 


TIME  (psl 


ENERGY  COMPONENTS 


Pinch  dynamics  without  radiation  losses 

The  simplest  case  of  undamped  plasma 
bouncing  at  a  constant  driving  current  and  negligible 
losses  may  be  handled  analytically.  For  a  constant 
fully  skinned-out  driving  current  P  the  period  of 
oscillations  is  (in  the  first  approximation) 
proportional  to  the  square  root  of  M*/Io^,  and  the 
minimum  plasma  radius  is  proportional  to 
NoToRoPlo^-  The  time  of  the  first  plasma 
compression  does  not  differ  much  from  the  time  of 
singularity  of  the  solution  for  an  infinitely  thin 
hollow  plasma  cylinder  of  equivalent  mass  (zero 
counter  force)  -  c.f  the  gray  line  in  Fig.  2a. 

In  all  other  cases  Wolfram’s  Mathematica  was 
used  for  solving  the  balance  equations  numerically. 

When  neglecting  completely  the  Joule  heating  and 
radiation  losses,  the  plasma  radius  oscillates  around 
the  Bennet  equilibrium.  The  full  curve  in  Fig.2a 
shows  the  bouncing  calculated  for  a  constant  driving 
current  and  small  recombination  losses  only.  The  time  dependencies  the  total  energy  W,  and 
of  the  kinetic  and  thermal  energy  components  are  depicted  in  Fig.  2b. 
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The  dynamics  of  the  pinch  radius  calculated  for  a  sinusoidal  driving  current  with 
Imax=160  kA  and  no  radiation  losses  is  shown  in  Fig.  3a,  and  the  corresponding  dependence  of 
the  plasma  temperature  in  Fig.  3b. 
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Pinch  dynamics  without  radiation  losses 

As  soon  as  the  radiation  losses  are  taken  into  account,  neither  the  Joule,  nor  the 
compressional  heating  (even  when  taking  into  account  the  ffozen-in  magnetic  field)  manages 
to  stop  the  radiation  collapse  (the  solution  has  a  singularity  with  R^O).  Radiation  collapse  can 
be  avoided  e.g.  by  assuming  that  the  plasma  column  gradually  becomes  optically  thick,  so  that 
at  the  moment  of  maximum  compression  the  radiation  comes  from  a  thin  surface  layer  only, 
the  thickness  of  which  proportional  to  the  current  plasma  radius.  The  pinching  then  stops  at 
the  radius,  at  which  the  energy  input  and  output  become  balanced  (around  R/Rg  =  0.1,  T/To~15 
-  see  the  full  lines  in  Figs. 4a,  b). 
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Most  of  the  calculations  were  tailored  to  the  small  IPP  neon  gas-puff  pinch 
(Imax=160  kA,  No=10'^  cm‘3,  Ro=l  cm,  To=l  eV)  -  [12].  The  calculated  minimum  plasma 
radius  Rmin »  0.6  mm,  the  maximum  temperature  of  the  plasma  bulk  Tmax  60  eV,  and  the 
maximum  plasma  density  N^ax  ~  2.5-10'^  cm'^  at  the  main  plasma  compression  stage  agree 
remarkably  well  with  the  experimentally  obtained  values. 

Radiated  power  real  radiation  loss 


REAL  RADIATION  LOSS 


Also  the  calculated  time  dependence  of 
the  radiated  XUV  power  resembles  well  the 
experimental  one.  The  simulated  curves 
make  it  possible  to  explain  all  the  main 
features  of  the  observed  XUV  signals, 
namely  the  repeated  bouncing  observed  at 
non-optimum  pinch  parameters,  and 
pronounced  splitting  of  the  radiation  peak 
corresponding  to  the  first  plasma 
compression  -  see  Fig.  5.  The  computed  time 
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dependences  of  the  radiation  losses  agree  qualitatively  well  with  the  measured  XUV  signals 
even  at  the  times  after  the  first  plasma  compression.  In  particular,  in  non-optimum  pinch 
regimes  the  split  broad  first  radiation  peak  is  followed  by  several  narrower  spikes  with  a 
comparable  or  lower  amplitude. 

At  the  optimum  pinching,  however,  strong  MHD  instabilities  developing  during  the  first 
compression  (witnessed  e.g.  by  the  occurrence  of  hot  spots  [10])  result  in  and  a  partial  or  even 
total  current  disruption,  some  part  of  the  current  being  expelled  to  the  peripheral  discharge 
regions. 

The  disruption  process  was  simulated  in  a  model  way  by  changing  the  time  dependence 
of  the  driving  current  I(t)  several  tens  of  ns  after  the  maximum  pinching.  The  temporal 
dependence  of  the  radiated  power  after  the  maximum  plasma  compression  on  a  longer  time 
scale  is  determined  by  the  time  delay  and  by  the  speed  of  the  current  disruption.  At  a  fast 
current  disruption  the  radiation  signal  turns  to  a  single  split  peak.  If  the  current  disruption  is 
only  temporal  (see  Fig.  6a)  another  much  narrower  radiation  peak  may  occur  several  hundred 
ns  after  the  first  compression,  as  shown  in  Fig.  6b.  At  a  slower  but  irreversible  current 
disruption  (see  Fig  7a)  the  radiation  signal  decay  becomes  slower  -  Fig.  7b.  In  both  these  cases 
the  calculated  XUV  signal  shapes  coincide  remarkably  well  with  those  observed  in  a  real 
experiment,  as  illustrated  by  Fig.  6c  and  7c  (cf  also  [11]). 
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Conclusion 

The  performed  computations  of  a  Z-pinch  dynamics  show  that  neither  the  Joule  heating, 
nor  the  internal  kinetic  and  magnetic  (due  to  partially  frozen  driving  magnetic  field)  pressures 
can  stop  the  plasma  radiation  collapse,  if  full  radiation  losses  are  taken  into  account. 

Contrary,  if  the  radiation  losses  are  artificially  reduced  even  the  1-D  model  gives 
realistic  time  dependencies  of  both  plasma  radius  and  temperature,  and  the  values  of  the 
minimum  plasma  radius  and  maximum  plasma  temperature  at  the  stage  of  the  first  plasma 
compression  agree  well  with  those  obtained  by  using  several  independent  methods  of  plasma 
diagnostics.  The  simulated  curves  make  it  possible  to  explain  all  the  main  features  of  the 
observed  XUV  signals,  namely  the  repeated  bouncing  observed  at  non-optimum  pinch 
parameters,  and  pronounced  splitting  of  the  radiation  peak  corresponding  to  the  first  plasma 
compression. 

Experimental  XUV  signals  in  non-optimum  pinching  regimes  witness,  we  believe,  full  or 
partial  (reversible)  disruption  of  the  driving  current  occurring  at  the  time  of  maximum  plasma 
compression. 

This  work  has  was  supported  in  part  by  the  Grant  Agency  of  the  Czech  Academy  of  Sciences 
under  contracts  No  14358  and  A1 043504 


References: 

[1]  KrejCi ,  A.  et  al:  Proc.  17th  Symp.  Plasma  Ph.  &  Techn.,  Prague  1995,  p.  107 

[2]  Krejcl,  A.:  Czech.  J.  Phys.  40  (1990)  182 

[3]  Jungwirth,  K.,  Ullschmied,  J.:  lPPCZ-244  (1981)  144 

[4]  Mosher,  D.:  Proc.  AIP  Conf.  on  Dense  Z-Pinches,  Laguna  Beach  1989,  p.  191,  262 

[5]  Mosher,  D.,  Colombant,  D.:  Phys.Rev.Letters  68  (1992)  2600 

[6]  Miyamoto,  T.,  et  al:  Proc.  AIP  Conf.  on  Dense  Z-Pinches,  Laguna  Beach  1989,  p.  447 

[7]  Breton,  C.,  de  Michelis,  C.,  Mattioli,  M.;  Jour.  Quant.  Spectr.  Rad.,  79  (1978)  367 

[8]  Cox,  P.D.,  Tucker,  W.H.:  The  Astrophys.  Journal,  157  (1969)  1157 

[9]  Drawin,  W.H.  in:  At.  and  Mol.  Data  for  Fusion,  IAEA  Vienna-199  (1977)  217 

[10]  Krejci,  A.,  Krousky,  E.,  Renner,  O.:  Czech  J.  Phys.  40  (1990)  1244 

[1 1]  KrejCi,  A.  et  al.:  Proc.  BEAMS’94,  May  25-29,  Washington  D.C.,  Vol.  Ill,  p.  2020 


-770- 


P-2-86 


Hydrosimulations  of  Z-Pinch 

R.  Benattar  <&  P.  Ney 

Laboratoire  de  Physique  des  Milieux  Ionises 
Ecole  Polytechnique,  91128  Palaiseau-  France 

Abstract 

Simulations  on  gas  puff  and  plasma  on  wire  for  different  configurations  are  presented.  The 
code  is  a  ID  cylindrical  lagrangian  code  including  radiative  transfer.  Different  models  of  opa¬ 
cities  calculations  in  LTE  and  non  LTE  can  be  used. 

We  vary  the  mass  and  the  size  of  the  plasma,  the  atomic  number  Z  of  the  material,  the  cur¬ 
rent  and  the  magnetic  field. 

We  can  get  from  the  simulations  the  time  evolution  of  the  radial  distribution  of  different 
values  such  as  the  electron  and  ion  densities,  the  electron  and  ion  temperatures,  the  current  and 
the  magnetic  field,  the  mass  density,  the  pressure  .... 

Emission  spectra  and  their  evolution  are  presented  for  different  kinds  of  plasmas. 

1. - The  code  FILM  [1],[2] 

The  hypothesis  are: 

-IDLagragian  cylindrical  geometry 

-  Radial  motion  of  the  plasma 

-  Quasi  neutrality  (Znj  -  n^  «  n^) 

We  solve  7  Equations  : 

-The  mass  conservation 

-The  momentum  conservation  for  ions  and  electrons 
-The  energy  transport  for  ions  and  electrons 
-2  Maxwell’s  Equations  :  Faraday’s  law  and  Ampere’s  theorem 
-Ohm’s  law  in  order  to  eliminate  the  electric  field 

We  use  the  Sesame  Equations  of  states  and  calculate  the  transport  coefficients 
The  Code  calculates  function  of  radius  and  time  : 

-the  mass  density, 

-the  radial  velocity, 

-the  electronic  and  ionic  temperatures, 

-the  azimutal  magnetic  field, 

-the  current  density. 

A  package  of  radiative  transfer  can  be  added  to  the  hydrodynamics  which  modify  the  pre¬ 
vious  values  and  allows  to  get  the  emission  spectrum. 

2. -  Model  of  Radiative  IVansfer 

From  the  equation  of  transfer,  the  radiative  energy  deposited  by  unit  time  and  unit  mass  at 
the  optical  depth  r  is  : 


E(x)  =  2jtcons J I(hv)k(hv,r)exp  -j k(hv,r)p(r)dr 


V  0 


d(hv) 


We  calculate  the  radiative  energy  balance  inside  each  cell  at  each  time  step  taken  into  account 
the  right  E^j  and  the  left  Eg  radiative  energy  coming  from  all  the  other  cells  after  attenuation, 
the  self  emission  of  the  cefi  E  and  the  self  absorption  of  the  cell. 

We  add  this  energy  amount  (>0  or  <0)  to  the  energy  delivered  by  the  magnetic  field  in  order 
to  deduce  the  temperature  at  the  current  time  step. 

The  EOS  tables  loaded  gives  the  other  variables. 

The  equations  of  energy  balance  are  : 
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E(j(t,cel)  =  27tconsX  X  j(f.t,m  + l)k(f,t,cel)exp<-  Xk(f,t,i)p(i)drM(hv) 

f=lm=cel  I  i=cel  J 

ns  cel  r  m  I 

Eg(t,cel)  =  27Ccons£  X  j(f,t,m-l)k(f,t,cel)expj-  Xk(f,t,i)p(i)dr  ^d(hv) 

f=lm=2  I  i=ce  J 

ns 

E*(t,cel)  =  4TConsXj(f>t.cel)k(f,t,cel)exp{-k(f,t,cel)p(cel)dr}d(hv) 
f=i 

The  calculated  emitted  spectrum  in  kev/kev/cm2 

nt  nc  r  nc  1 

Spectre(f)  =  27tconsXX  “  Xk(f>t.i)p(t>i)dr  k 

t=lcel  I  i-cl  J 

k  is  the  spectral  opacity  of  the  material  of  the  cell  and  j  the  emissivity  for  the  current  temperatu¬ 
re  and  density.  T  is  the  time  during  which  the  spectrum  is  calculated. 

The  opacities  and  emissivities  are  calculated  using  different  versions  of  the  screened  hydrogenic 
model  [3],[4]: 

-  Average  Atom  LTE 

-  Average  Atom  LTE  with  1-splitting 

-  Collisional  radiative  non-LTE  stationary 

-  Collisional  radiative  non-LTE  stationary  with  1-splitting 

The  calculations  of  opacities  and  emissivities  are  done  for  a  wide  range  of  mass  density  and  tem¬ 
perature. 

At  low  temperature  and  high  density  the  right  calculation  of  the  e-i  collision  frequency  is  inclu¬ 
ded  in  the  f-f  contribution. 

3.-  Results  of  simulations 

We  have  run  the  code  for  two  different  structured  pinches  and  two  generators.  The  results  are 
done  without  and  with  radiative  transfer. 

3.1. -  GAEL  simulation 

Figures  1  and  2  show  the  radial  time  evolution  of  the  electron  density  of  a  riasma  on  wire  made 
of  an  aluminium  wire  12.5  pm  diameter  surrounded  by  a  low  density  (6.2  lO”^  g/cm^)  aluminium 
gas  1.5  mm  radius  with  a  total  mass  of  29.5  pg  and  the  time  evolution  of  the  current  of  the  gene¬ 
rator  which  is  coupled  to  the  plasma. 

Figures  3  and  4  show  the  same  evolution  of  the  electron  density  and  the  current  but  adding  to 
the  simulation  the  radiative  transfer.  When  radiative  transfer  is  activated  the  plasma  expands  very 
fast  by  comparison  of  the  case  when  it  is  not  active  when  the  pinch  can  repeats  before  the  cur¬ 
rent  of  the  generator  is  turned  off. 

3.2. -  Powerful  generator. 

The  generator  is  not  coupled  to  the  plasma  and  it  delivers  a  linear  ramp  of  current  varying  from 
zero  to  16  MA  in  140  ns. 

Figures  5  and  6  shows  as  previously  the  evolution  of  the  electron  density  and  the  current. 
Figures  7  and  8  the  same  evolution  but  with  radiative  transfer  activated. 

The  internal  wire  12.5  pm  diameter  is  made  of  nickel.  It  is  surrounded  by  two  parabolic  pro¬ 
files  of  argon  gas  reaching  a  radius  of  20  mm. 

The  current  decreases  when  the  pinch  occurs.  It  decreases  more  when  the  radiative  transfer  is 
activated. 

The  time  dependence  of  the  density  profile  versus  radius  expands  in  the  same  manner  as  pre¬ 
viously.  -  772  - 


Fig.  7  Fig.  8 


4.-  Conclusion 

In  the  case  where  there  is  no  transfer  the  plasma  can  pinch  an  other  time  when  the  current  conti¬ 
nue  to  increase. 

The  evolution  of  the  plasma  is  totally  different  when  the  radiative  transfer  is  on.  In  this  case  the 
preheating  of  the  plasma  by  the  radiation  makes  the  wire  to  explodes. 

The  decreasing  of  the  current  is  also  much  important  at  the  pinch  time  in  this  case. 
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Abstract 

Review  of  code  development  at  RPNC-VNUTF  for  numerical  modelling  of  high-temperature 
plasma  in  a  strong  magnetic  field  is  presented.  Three  codes  are  described:  ID  MHD  ERA  code  and  2D 
MHD  codes:  MAG  and  TIGR-M. 

ERA  is  ID  two-temperature  Radiation  Lagrangian  MHD  Code.  ERA  includes  magnetic  field 
difiusion;  electron  and  ion  heat  conduction  with  heat  flux  inhibition;  superthermal  particles  creation 
mechanism  and  transport  equations  for  particles.  Radiation  effects  can  be  treated  in  different  cases:  three 
temperature  model;  multigroup  diffusion  model;  multigroup  nonstationary  kinetic  model;  multigroup 
nonstationary  kinetic  model  with  quasidiffusion  approximation.  A  detailed  configuration  atomic  model 
has  been  employed  to  calculate  the  line  opacity,  Doppler  effect  and  ionic  state  variation.  The  state 
populations  are  calculated  using  a  set  of  time-dependent  atomic  rate  equations  for  electron  coUisional 
excitation  and  de-excitation,  dielectronic  and  radiative  recombination,  photoexcitation  and  others 
processes.  The  ionization  state  of  plasma  is  calculated  self-consistently  with  line  and  continuum 
radiation  transport.  There  are  a  number  of  tables  which  contain  the  characteristics  of  elements:  state 
equations  and  different  kinetic  transport  coefficients.  Equations  of  state  taking  into  account  the  energy  of 
ionization  are  used  for  electron  and  ion  pressure  and  internal  energy  calculations.  In  the  Code  the 
relevant  Braginskii  magnetized  transport  coefficients  are  used.  The  microturbulence  effects  due  to 
current-drive  microinstabilities  are  also  included  into  the  Code. 

2D  resistive  MHD  Code  MAG  for  plasma  modellmg  in  arbitrary  moving  coordinate  system  is 
developed  for  the  case  of  three  components  of  velocity  and  three  components  of  magnetic  field.  The 
Code  is  build  on  the  basis  of  TVD  scheme  in  Lagrangian  form.  This  approach  allows  to  simulate  flows 
with  large  deformations  inside  the  flow  region,  conserving  the  correct  description  of  conditions  on  its 
weakly  deformed  boundaries.  The  code  is  modified  to  include  Hall  term  in  the  equation  for  magnetic 
field  evolution.  The  Code  is  using  the  same  set  of  equations  of  state  and  magnetized  transport 
coefficients  as  ERA  code  excluding  radiation  effects  and  superthermal  particles  transport. 

In  TIGR-M  Code  the  Eulerian-Lagrangian  description  of  motion  with  special  velocity  vector 
decomposition  in  moving  coordinate  basis  is  used.  There  are  two  particular  cases  of  magnetic  fields 
configuration  in  the  Code:  1)  two  components  of  velocity  and  two  components  of  magnetic  field  lying  in 
the  same  plane  as  velocity  vector  does;  2)  two  components  of  velocity  and  one  component  of  magnetic 
field  which  is  normal  to  velocity  vector.  One  coordinate  lines  family  coinciding  with  interface  is 
Lagrangian  one,  the  other  is  an  Eulerian  one  (that  is  a  set  of  straight  lines).  For  realization  of  implicit 
finite  difference  technique  the  method  of  splitting  according  to  physical  processes  and  space  variables  is 
taken.  The  following  types  of  problems  can  be  solved  with  the  Codes: 

-  a  set  of  magnetically  related  problems  which  fall  in  the  dynamics  of  flow  of  heat-conducting 
gases  in  complex  systems,  taking  into  account  stratified  stmctures  consisting  fi'om  different  materials; 

-  inertial  confinement  fusion  investigations,  particularly  to  study  effects  in  plasma  liner  implosion 
and  laser-fusion  target; 

-  MHD  instabilities  development  in  Z-pinch  and  its  suppression  by  an  axial  magnetic  field. 

-  plasma-wall  interaction  in  the  tokamak  ITER  and  others. 

Work  is  supported  partially  by  ISTC,  Projects  #009  and  #107. 
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The  hollow  cylindrical  liner  collapsing  to  the  axis  as  a  result  of  compression 
by  the  magnetic  field  of  the  current  passing  though  it  is  one  of  the  basic  schemes 
for  the  generation  of  bright  X-pulse,  The  main  factor  deteriorating  the  efficiency 
of  this  scheme  is  widely  believed  to  be  an  instability  of  the  Reyleigh-Teylor  type. 
The  analysis  of  data  obtained  in  the  experiments  with  liners  on  the  installations 
”Module-A5”,  ’’Saturn”  and  ” Angara-5”  [1,  2,  3]  shows  substantial  discrepancy 
with  the  supposed  Rayleigh-Taylor  scenario  of  liner  shell  disruption.  First  of  all 
this  discrepancy  can  be  seen  in  the  fact  that  the  stratification  appears  at  the 
very  beginning  of  acceleration  phase,  when  liner  is  actually  at  its  initial  position. 
Besides,  much  attention  must  be  paid  to  the  lact  that  modulation  scale  along 
the  axis  increases  with  time,  the  rate  of  this  process  being  to  high  for  it  to  be 
explained  by  nonlinear  dynamics  of  mass  redistribution  along  the  axis.  All  the 
above  mentioned  considerations  lead  us  to  the  conclusion  that  in  this  case  we  deal 
with  a  current  dynamics,  which  nevertheless  —  as  can  be  seen  in  the  experiments 
—  could  give  rise  to  the  fall-through  of  the  current  into  the  internal  regions  of 
the  liner,  thereby  determining  future  behaviour  of  mass.  In  the  experiments  on 
the  installation  ”Modul-A5”  it  was  observed  the  exact  correlation  between  the 
process  of  stratification  and  occurrence  of  the  lighting  kernal  in  the  region  near 
the  axis  (Fig.l  a,b). 

We  have  chosen  a  model  of  compact  acceleration  of  highly  radiative  liner 
shell  [1],  in  which  we  disregard  the  kinetic  pressure  of  plasma  with  respect  to  the 
pressure  of  the  magnetic  field  and  suggest  that  all  parts  of  the  shell  have  exactly 
the  same  acceleration  g\ 

Zeff  d 

^  nMpA  dr  Stt  ’ 

here  n  -  electron  density,  Mp  -  proton  mass,  and  constants  Z^jj  and  A  -  the 
charge  and  the  atomic  weight  of  ions,  respectively. 

Only  slow  relative  motion  of  different  parts  of  the  liner  is  allowed,  their  relative 
speed  being  much  less  then  the  characteristics  speed  of  the  shell  as  a  whole  gt. 
To  reach  the  stage  of  compact  acceleration  the  liner  should  first  collapse  to  the 
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dimensions  of  skin  layer  Ss  ~  y(c^/4x(j)/.  Therefore  for  this  approach  to  be 
valid  it  is  necessary  that  R  >  Ss-  In  the  same  approximation  we  also  disregard 
cylindrical  geometry  effects.  As  long  as  we  are  going  to  restrict  our  consideration 
to  the  purely  current  instabilities,  we  will  not  take  into  account  plasma  movement 
along  the  liner  axis,  which  is  valid  if  d/dz  <C  1/Ss- 

If  at  the  beginning  of  compression  liner  mass  is  widely  distributed  along  the 
radius,  the  subject  of  our  considerations  is  the  creation  of  plasma  layer  raked  up 
to  the  skin  depth  scale.  In  this  ca-st'  the-  acci'Ieration  is  a  function  of  time.  This 
is  a  ’’snow  plough”  model.  As  long  as  only  processes  with  a  characteristic  time 
scale  of  about  Ss/vo  will  be  considered  in  the  following,  we  can  disregard  the 
’’slow”  evolution  of  liner  acceleration  with  time  g{t). 

Taking  into  account  everything  mentioned  above  we  will  use  two-fluid  MHD 
in  the  following  form  [1]: 

d  B  d  B  [}  ^\B  ff^B 

^ dt  n  dr  n  \e  )  n  47rcr  dr'^  ’ 


_  Ze//  d  B^ 
gMpA  dr  Stt 

Discontinuity  condition  together  with  (3)  gives  immediately  ion  speed; 

dBjdt 

dB/dr' 


(3) 

(4) 


Substituting  into  (2)  j  =  (c/47r)rotB,  (3)  and  (4)  one  can  obtain  a  single  equation 
for  the  magnetic  field.  Normalizing  [?’]  =  So,  [t]  =  tdiff)  [^]  =  (Bocrlnec)  ■  [r]  = 
(uJBeTe)  •  So,  [5]  =  Bo,  here  So  —  liner  depth  at  the  moment  when  we  start  our 
consideration  of  its  two-dimensional  evolution  and  tdi/f  =  S'^{c^ /A'jra)~^ .  We  can 
write  down  this  final  equation  as  follows: 


d  /dBldt\  d  /dB/dz\  d^B 
^dr  \dB/dr)  dr  [dB/dr)  dr^ 


(5) 


Introducing  new  variables  in  a  way  as  it  has  been  done  in  [1]  r  =  t,  £  =  z,  B  — 
B{r,z,t),  and  defining  rp  =  dBjdr,  we  can  rewrite  equation  (5)  as  follows: 


d'lp'^  dtp'^  /  2  _ 

~dB~ 


(6) 


with  the  general  solution  described  implicitly  by 

F{i,\  +  (7) 


here  F{. . .)  -  could  be  any  function,  and  To  k  io  -  arbitrary  constants. 
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Besides  of  trivial  ==  const  there  is  a  bit  more  complicated  but  still  one 
dimensional  diffusive  solution,  that  can  be  readily  obtained  from  (7): 


i’lff 


2t 


or 


(8) 


As  a  next  step  we  can  try  to  construct  solutions  with  a  modulation  along  the  axis. 
Keeping  in  mind  the  future  application  to  the  treatment  ol  experimental  results, 
it  is  reasonable  to  represent  the  solutions  in  the  lorm  ol  a  small  disturbance  to 
the  diffusion  solution  (8): 

2^.V  =  B*  +  2T„V’|exp(^sin*  “l}-  ^ 


here  Tg,  7,  -  small  constants.  The  partial  solution  (9)  is  build  up  of  char¬ 

acteristics  (7)  in  this  way  in  order  to  garantee  the  compactness  of  the  initial 
disturbance  all  over  the  area  of  possible  values  oi  B  n  i,  but  at  the  same  time  to 
reveal  exponential  growth  of  the  amplitude  at  the  linear  stage. 

Equation  (7)  suggests  a  good  opportunity  to  construct  solutions  with  the  fea¬ 
tures  necessary  for  experiment  treatment,  in  particular,  solutions  describing  the 
fall-through  of  the  magnetic  field  inside  the  liner  interior.  In  this  case  the  condi¬ 
tion  J5  =  0  at  the  internal  plasma  boundary  must  be  replaced  by  the  condition 
=  0,  for  the  acceleration  to  be  finite.  But  blI  ip  0  there  is  a  degeneration 
of  characteristics(7).  This  problem  can  be  avoided  if  we  create  the  following 
combination  of  old  characteristics:  ^  =  t  -f-  fi?  -f  As  long  as  ^  tends  to 

T  +  iB  with  the  time,  the  desirable  dependence  of  the  field  on  the  internal  plasma 
boundary  can  be  introduced  —  for  example  in  the  equation  (9)  —  by  means  of 
a  corresponding  function  5i(0’ 


2ip"^T  —  B^ 


Bl{0  +  2TglP^ 


(ri  +  B-B,iO)^\ 
V  +  // 


(10) 


The  complete  freedom  of  the  choice  of  the  function  Bi{^)  is  virtual,  in  reality  the 
evolution  of  the  field  inside  in  determined  by  a  selfconsistent  dynamics  of  liner 
and  circuit.  Therefore  here  we  can  only  visualize  this  process  on  a  simple  model 
function  5i(0  ^i(0  ~  ^  ~  ch“^(aif).  When  using  such  a  choice  Bi  is  always 
between  0  and  1  (normalized  to  the  external  field)  and  tends  to  1  with  time.  The 
characteristic  time  of  magnetic  field  penetration  inside  is  a“^.  Therefore  for  the 
phases  of  liner  evolution  — 

1)  collapsing  to  the  regime  of  a  compact  acceleration,  diffusion  of  the  liner 
shell; 

2)  occurrence  and  evolution  of  modulation  along  the  liner  axis; 

3)  penetration  of  the  field  through  the  liner  shell 

—  to  be  easily  distinguished  the  following  hierarchy  of  time  scales  is  needed 
(normalized  to  diffusion  time):  a  <C  7  <C  1. 
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Fig.l  c)  displays  the  dependence  xl>‘^{BJ)  reconstructed  on  a  computer  from 
equation  (9)  for  r  ==  10,  =  1,  Vo  =  O-l-  7  =  0-01  in  the  region,  in  which  the 

solution  is  unique.  Color  intensity  is  proportional  to  the  value  of  .  Though 
modulation  scale  increases  in  the  internal  regions  of  plasma,  we  can  suggest  that 
the  modulation  which  is  observed  in  experiments  corresponds  to  the  regions  of 
maximal  irradiation  (maximal  on  the  plasma  boundary.  The  number  of  strats 
is  constant  for  some  time,  later  it  starts  decreasing  reversed  proportional  to  the 
time. 
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Abstract 

The  main  goal  of  this  paper  is  to  develop  a  model  of  the  processes  that  lead  to  the  final 
turbulent  state  of  the  pinch.  In  this  state  the  implosive  pressure  due  to  the  current  equals  the 
counterpressure  of  the  turbulent  components  of  the  magnetic  field  Bt,  Bq  and  and  velocity 
Vr,  ve,  Vz  within  the  pinch.  Thin  loops  of  toroidal  magnetic  field  are  created  at  the  pinch 
surface  due  to  the  Rayleigh-Taylor  instability  which  as  they  collapse  into  the  plasma  are 
distorted  and  tangled  by  the  turbulent  plasma  motion  into  complicated  shapes. 

In  this  model  we  propose  that  the  bulk  of  the  energy  in  the  loops  drives  shocks  and 
turbulent  eddies  in  the  fluid.  During  the  final  stage  of  the  collapse  of  the  rings  the  remaining 
loop  magnetic  energy  will  dissipate  in  Joule  heating  as  a  result  of  magnetic  reconnection  and 
annihilation.  The  kinetic  energy  in  turbulent  motions  transfers  from  the  large  to  small  scales 
where  viscous  dissipation  converts  it  to  heat.  On  the  other  hand  the  stretching  and  twisting  of 
the  magnetic  loops  acts  to  reduce  turbulent  motion.  After  some  time  the  input  of  loops  due  to 
the  surface  instability  must  decrease  because  their  volume  density  becomes  too  large  and  the 
resistance  to  their  movement  increases.  As  a  result  the  power  input,  the  rate  of  plasma  heating 
and  radiation  from  the  pinch  drop. 

In  contradiction  to  the  conventional  non-turbulent  laminar  model  of  radiative  collapse 
where  the  compression  tends  to  infinity,  in  our  model  there  is  a  counter-pressure  from  the 
ensemble  of  compactly  packed  magnetic  loops.  For  this  reason  plasma  compression  is  limited 
and  the  radiatively  cooled  plasma  is  forced  into  the  regions  between  the  loops.  Only  the 
plasma  frozen  in  the  interior  of  the  magnetic  loops  remains  hot  because  it  radiates  poorly 
because  of  its  low  density. 

This  final  state,  in  which  the  dissipated  power  and  radiation  from  the  plasma  are 
strongly  decreased,  is  predicted  to  be  the  new  state  of  "cold  turbulent  pinch". 


(The  full  text  will  be  published  elsewhere.) 
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Abstract 

A  high  demagnetization  rate  dBjdt  can  be  obtained  through  fast  decoupling  of  a  mag¬ 
netic  field  from  an  electric  circuit  which  generates  the  magnetic  field.  Nowadays  fast 
decoupling  is  possible  by  present  switching  technologies.  A  high  particle-acceleration 
gradient  can  be  obtained  in  an  inductive  acceleration  system  compared  with  that  in  a 
conventional  induction  accelerator.  Based  on  this  new  proposal,  inductive  ion  and  elec¬ 
tron  accelerations  are  investigated  numerically.  The  mechanism  presented  in  this  paper 
may  be  considered  as  pseudo-inverse  Weibel  instability. 

Introduction 

A  number  of  new  particle  acceleration  mechanisms  have  been  studied  and  proposed 
[1,2]  in  order  to  break  through  the  limitation  of  the  acceleration  gradient  for  current  ac¬ 
celerators.  In  a  conventional  induction  accelerator  [3],  in  which  a  cylindrically  symmetric 
azimuthal  magnetic  field  Be  is  used  for  the  generation  of  an  inductive  acceleration  field, 
the  acceleration  field  is  also  limited,  and  the  denagnetization  rate  dBe/dt  is  determined 
by  an  electric  circuit  structure  and  a  magnetic  core  material;  typically  dBe/dt  a  few 
T//iS.  [3]  Here  t  denotes  the  time.  Using  the  Maxwell  equation,  one  can  easily  obtain  the 
relation  of  U  =  ABeS/r,  where  V  is  an  acceleration- voltage  increase  for  a  time  duration 
r,  ABe  a  change  in  Be,  and  S  the  area  through  which  Be  penetrates  perpendicularly. 
(3)  Therefore  one  of  the  important  points  for  attaining  a  high  acceleration  gradient  is  to 
obtain  a  short  r.  We  propose  to  use  a  magnetic  field  which  is  decoupled  from  the  elec¬ 
tric  circuit  by  fast  opening-switch  technology,  and  to  use  the  demagnetization  process  to 
obtain  a  large  acceleration  field.  Based  on  this  new  proposal,  inductive  ion  and  electron 
accelerations  are  investigated  numerically. 

Nowadays,  fast  switching  technologies  are  firmly  established  and  available.  For  example, 
1)  a  plasma  opening  switch  provides  a  switching  time  of  <  5~10ns.  [4]  2)  Another  available 
tool  is  an  intense  high-power  laser.  Based  on  the  fast  opening-switch  technologies,  it  is 
possible  to  decouple  a  magnetic  field  in  the  short  switching  time  from  an  electric  circuit 
that  generates  the  static  magnetic  field.  Consequently  we  may  have  a  high  acceleration 
gradient  compared  to  that  of  a  conventional  induction  accelerator. 

Inductive  Acceleration  Mechanism 

In  order  to  demonstrate  the  generation  of  the  large  acceleration  field,  we  perform  a 
simple  estimation  and  a  particle  simulation  for  ion  or  electron  acceleration  in  the  system 
(Fig.l).  First,  the  static  magnetic  field,  sustained  by  electric  currents,  is  applied  in 
an  acceleration  vacuum.  Then  the  currents  are  terminated  abruptly  by  the  fast  opening 
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Hg.  1 A  static  q^atially  altemiting  magnetic  field  B  z  is  fiirst  generated  and  is  abruptly  decoupled 
finm  the  electric  circuit  which  generates  Bz.  During  the  demagnetization  phase  a  higji  acceleration  field 
E  is  induced.  Ions  are  accelerated  hyE  and  focused  by  Bz. 


Hg,  2  A  particle  map  by  particle  (PIQ  simulation  Tlie  electron  relativistic  factor  y  versus  y  at  the 
maximum  acceleration  time.  The  initial  electron  q}eed  is  0.9c  on  average,  the  beam  initial  temperature  is 
10  eV,  and  the  maximum  7=1 1.5.  A  fi~action  of  the  electrons  is  accelerated  weE 


Rg.3  An  ion  map  by  particle  simulation  Tlie  ion  relativistic  factor  y  versus  y  at  the  maximum  acceleration 
time.  The  initial  ion  greed  is  0.9c  on  average,  the  beam  initial  temperature  is  10  eV,  and  the  maximum 
Y=3.24.  The  ions  are  accelerated  wel 
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switch  described  above.  In  this  paper  we  assume  that  the  switching  time  is  small  compared 
with  a  characteristic  time  of  the  change  in  the  magnetic  field,  based  on  the  discussions 
presented  above.  Our  analyses  are  performed  immediately  after  the  static  magnetic  field 
is  decoupled  and  free  from  the  circuit.  For  simplicity  a  spatially  alternating  magnetic  field 
Bz,  whose  wave  number  is  k,  is  employed  instead  of  Be  without  loss  of  generality.  The 
magnetic  field  Bz  in  an  acceleration  area  induces  an  inductive  electric  acceleration  field. 

The  magnetic  field  energy  is  converted  to  the  energy  of  the  inductive  electric  field  E: 


dE 

dt 

dBz 


dBz 
'  dy  ’ 

dE 


=  c- 


(1) 


(2) 


dt  ''  dy' 

Incoming  beam  charged  particles  are  accelerated  by  the  inductive  field  E  in  the  acceler¬ 
ation  area.  In  addition  to  the  acceleration,  the  magnetic  field  focuses  the  beam. 

It  is  assumed  that  the  static  magnetic  field  is  Bz  =  Bosin{ky)  and  FJ  =  0  at  the  time 
t  =  0.  As  a  solution  [5]  which  satisfies  these  initial  conditions,  we  obtain 


Bz  =  Bosin{ky)cos{u)t), 


(3) 


E  =  Bocos{ky)sin{u)t), 


(4) 


(jj  =  ±kc.  (5) 

During  the  first  period  (0  <  f  <  7r/|u;|),  ions/electrons  can  be  accelerated  by  this  mecha¬ 
nism.  We  use  this  acceleration  phase.  The  maximum  acceleration  field  is  Bo,  and 


dBz 

dt 


—Bou!sin{ky)sin{u)t). 


(6) 


Therefore  \dBz/dt\  =  Boco  =  Bokc,  and  the  changing  time  r  in  Bz  is  \/{kc).  For  efficient 
acceleration,  7r/(A;c)  should  be  comparable  to  or  larger  than  the  switching  time  duration 
mentioned  above.  When  the  wave  number  k  is  1/3,  \dBzldt\  IQ^^Boi^esla)  Tesla/s, 
which  is  rather  large  compared  with  that  in  a  conventional  induction  accelerator. 

On  the  other  hand,  the  mechanism  presented  in  this  paper  may  be  considered  as  pseudo¬ 
inverse  process  of  the  Weibel  instability.  [6,7]  In  the  Weibel  instability  an  anisotropic- 
plasma  energy  is  converted  to  magnetic  field  energy:  a  magnetic  field  perturbation,  whose 
wave  number  is  k,  causes  a  filamentation  of  the  electron  particle  stream  in  a  direction 
perpendicular  to  both  k  and  Bz-  The  filamentation  enhances  the  perturbation  of  Bz- 
During  the  growth  of  Bz  an  inductive  electric  field  decelerates  the  electrons.  Consequently 
the  electron  energy  is  converted  to  the  magnetic  field  energy  in  the  Weibel  instability.  In 
our  mechanism,  we  use  a  pseudo-inverse  process  of  the  Weibel  instability,  although  the 
acceleration  takes  place  in  a  vacuum.  The  magnetic  energy  is  converted  to  electron  energy 
through  the  energy  of  the  inductive  electric  field,  which  accelerates  electrons. 


Numerical  Simulation  for  Inverse- Weibel-Instability  Acceleration 

A  2.5-dimensional  {x,y,Vx,Vy,Vz)  particle  (PIC)  simulation  is  also  performed  with  the 
following  initial  and  boundary  conditions:  a  sinusoidal  magnetic  field  {Bosin{ky))  is  ap¬ 
plied  in  the  entire  computation  space  domain  (2.5cm  in  x  and  5cm  in  y),  where  the 


-783  - 


amplitude  Bq  is  ITesla.  In  both  the  x  and  y  directions,  32  space  grids  are  employed  in 
the  computation.  The  wavelength  2'K/k  is  5cm  in  the  simulation.  An  electron  beam, 
whose  size  is  3.12mLm  in  width  (along  the  x  axis)  and  5cm  along  the  y  axis,  moves  in 
the  +x  direction  and  an  average  speed  of  0.9c  and  a  temperature  of  lOeV,  and  is  located 
initially  at  the  left  side  of  the  computational  area.  A  cyclic  boundary  condition  is  used  in 
both  the  X  and  y  directions.  The  computations  are  performed  until  electrons  pass  through 
the  computation  space  in  the  x  direction.  Figure  2  shows  an  electron  map  in  the  y-7  space 
at  the  end  of  the  computation  for  the  electron  beam  number  density  n  of  10^^  /cm^.  Here 
7  shows  the  relativistic  factor.  Figure  2  shows  that  some  electrons  are  accelerated  well 
by  this  mechanism.  The  maximum  electron  7  is  11.5,  and  the  initial  one  is  2.30.  For 
this  particular  case,  the  acceleration  gradient  is  about  183MeV /m,  which  is  a  reasonable 
value,  because  the  theoretical  acceleration  gradient  from  eq.(3)  is  E  =  Bq  =  300MeV  at 
maxinum. 

Ions  are  also  accelerated  well  in  this  system  with  the  following  example  parameter 
values;  the  computational  space  area  is  0.5  m  in  the  x  direction  and  1.0m  in  the  y 
direction.  The  wavelength  2'K/k  is  1  m  in  the  simulation.  Bo  is  10  Tesla.  An  ion  beam, 
whose  size  is  12.5  cm  in  width  (along  the  x  axis)  and  25  cm  along  the  y  axis,  moves  in 
the  —X  direction  with  an  average  speed  of  0.9c  and  a  temperature  of  lOeV,  and  is  located 
initially  at  the  right  side  and  the  center  in  y  of  the  computational  area.  Figure  3  shows  an 
ion  map  in  the  y-7  space  at  the  end  of  the  computation  for  the  ion  beam  number  density 
n  of  10®  /cm®.  Figure  3  shows  that  some  ions  are  accelerated  well.  The  maximum  ion  7 
is  3.24,  and  the  initial  one  is  2.30.  For  this  particular  case,  the  acceleration  gradient  is 
about  1.76  GeV/m. 

Conclusions 

We  proposed  a  new  method  to  obtain  a  high  dB/ dt  for  an  inductive  charged-particle 
acceleration.  The  magnetic  field,  which  is  free  from  the  electric  circuit,  induces  a  large 
acceleration  field.  The  acceleration- gradient  value  itself  is  determined  by  the  magnitude 
of  the  magnetic  field  employed  and  the  wave  number  k.  Our  results  showed  that  a  high 
acceleration  gradient  can  be  obtained,  compared  with  those  of  conventional  accelerators. 
The  present  fast  switching  technologies  make  this  method  possible. 
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[6]  Kawata,  S.,  Jpn.  J.  Appl.  Phys.  34,  (1995)L523. 

[7]  Weibel,  E.S.,  Phys.  Rev.  Lett.  2,  (1959)83. 
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Abstract.  The  project  of  high  current  pulsed  linear  ion  this  report. 
Accelerator  consists  of  ion  injector,  system  of  separation  on  the  charge  and  kinetic 
energy  of  ions,  inductor  inductor  accelerator  for  apphcations  is  considered  in  the 
accelerating  system,  system  of  out  put  ion  beam  to  air.  Ion  source  with 
explosive  ion  emission  uses  as  injector  of  accelerator,  which  can  produce  all  kind 
of  ions.  System  of  separation  includes  pulsed  magnetic  system.  Inductor 
accelerating  structure  including  the  inductors  on  the  basis  amorphous  iron  with 
inside  magnetic  elements  for  transport  of  pulsed  high  current  ion  beams. 


INTRODUCTION 

The  high  current  ion  beams  are  used  for  surface  modification  of  different 
materials.  The  requests  of  many  technologies  consist  in  the  increasing  of  kinetic 
energy  of  ion  beam.  The  destruction  of  radioactive  wasters  presents  large  interest 
and  in  this  case  is  necessary  increasing  of  kinetic  energy  by  ion  beams.  The  linear 
inductor  ion  accelerator  can  be  used.  The  research  linear  inductor  ion  accelerators 
[1,2]  allow  to  design  these  machines.  However,  two  tasks  ( injector  and  window  for 
out  put  ion  beam  from  vacuum  chamber  to  air)  is  limited  progress  in  the  this  field. 

The  project  of  linear  ion  inductor  accelerator  for  different  application  is 
considered  in  the  this  report.  The  new  type  of  injector  on  the  basis  of  ion  source 
with  explosive  ion  emission  and  new  construction  of  windows  for  out  put  ion  beams 
is  suggested  in  the  proposal. 


THE  GENERAL  STRUCTURE  OF  ACCELERATOR 

The  general  block-diagram  of  linear  ion  inductor  accelerator  is  given  in  Fig.  1. 
Accelerator  consists  of  ion  injector,  separation  system,  linear  inductor  accelerating 
system,  system  of  out  put  ion  beams  from  vacuum  chamber  to  air. 


Fig.l.  The  general  block-diagram  of  ion  inductor  accelerator 
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The  ion  injector  on  the  basis  of  ion  source  with  explosive  ion  emission  allows  to 
production  of  different  kind  of  ion  beams.  Pulsed  magnetic  separation  system 
separates  ion  beams  on  the  charge  and  kinetic  energy.  The  properties  of  explosive 
ion  emission  lead  to  separation  of  ion  beams  on  these  parameters. For  supply  pulsed 
magnetic  will  be  use  pulsed  high  current  generator  on  the  basis  of  LC-  line  with 
tyratron  commutator.  Inductor  accelerating  system  on  the  basis  of  amorphous 
iron  allows  to  receive  stored  energy  for  accelerating  ion  beams  and  gradient  of 
electrical  field  20  kV/cm  [2].  The  system  for  out  put  ion  beam  from  vacuum  chamber 
has  Ti  or  Be  foils  with  special  coatings. 


The  main  parameters 
parameters: 

•  kinetic  energy 

•  pulsed  beam  current 

•  pulse  beam  duration 

•  repetition 

•  kind  of  ion  beams; 

•  length 


of  linear  inductor  accelerator  for  application  has  got  next 

20  -  50  MeV; 

1  -  200  A; 

100  nsec; 

5  -  50  Hz; 

all  conducting  materials 
50  -  75  m. 


ION  INJECTOR 


A  detailed  discussion  of  pulsed  explosive  emission  is  reviewed  in  detail  in  refs. 
[3]  only  the  main  principles  are  considered  here.  A  plasma  (emitter  of  ions)  is  formed 
on  the  surface  of  the  anode  (  on  the  plasma  initiator)  and  then  to  extract  ions 
from  by  applying  a  single  positive  voltage  pulse.  The  main  mechanism  for 
maintaining  the  anode  plasma  is  follows.  Initially  there  ia  a  condition  of  auto¬ 
emission  from  the  heating  by  ion  current  of  points,  micro-heterogeneities  on  the 
surface  of  anode,  and  electron  emission  from  cathode.  The  atoms  in  the  vapor  are 
ionized  and  form  an  anode  plasma  which  is  the  emitter  of  ions  so  that  an  ion  beam 
can  be  extraction  from  this  plasma,  and  the  effects  promote  the  formation  of  a 
stable  vacuum  discharge. 

For  operation  of  a  planar  ion  source  on  the  bases  of  explosive  ion  emission,  the 
intensity  of  the  electric  field  E  in  the  diode  must  exceed  the  threshold  E  needed 
for  forming  the  anode  plasma: 

E  =  KU/d>  10’ V/cm,  (1) 

where:  U  is  the  voltage  applied  to  the  diode,  K  is  the  amplification  factor 
of  the  electrical  field  on  the  initiator  determining  its  geometry,  and  d  is  the 
distance  between  anode  and  cathode. 


For  supply  of  ion  source  we  are  used  pulsed  high  voltage  generator  by 

Arkad'ev-Marx  type  with  next  parameters: 

-  voltage  300  -  700  kV; 

-  pulse  duration  300  -  500  nsec; 

-repetition  1-5  Hz; 

-  stored  energy  10-50J. 
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Also  as  a  high  voltage  generator  can  be  used  inductor  accelerating  section. 

Ion  source  consists  of  vacuum  chamber,  high  voltage  insulator,  anode  electrode 
with  initiator  of  anode  plasma,  extractor  electrode  and  beam  current  measurement 
system  on  the  basis  of  current  transformer  (  Rogovsky  transformer),  see  Fig.2. 


Fig.2.  Block-diagram  of  an  ion 
injector:  I  -  Arkad'ev-Marx 
generator;  II  -  ion  source: 

1  -  high  voltage  insulator; 

2  -  anode  plasma  initiator; 

3  -  extractor;  4  -  vacuum  chamlx 


The  kind  of  ion  beams  determine  by  materials  of  initiator  of  anode  plasma.  This 
ion  source  can  be  use  for  production  of  different  ions  of  conductivity  materials: 
metals,  ceramics.  For  example,  the  emission  characteristics  of  ion  source  is  shown 
in  Fig.3. 

FOIL'S  WINDOW  FOR  OUT  PUT  ION  BEAM 

The  diamond-like  coatings  with  both  sides  onto  Be  or  Ti  foil  allow  increasing 
life-time  to  10  times  in  the  comparison  with  clean  foil. 


CONCLUSION 

This  proposal  has  primary  test  of  few  units. 
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Fig.3.  Emission  characteristics  of  ion  source  for  few  kind  of  ion  beams. 
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Recently  a  number  of  applications  appeared  where  a  long-  pulse  (duration  more  then  0.1 
ms)  electron  beam  had  to  be  focused  on  a  solid  surface  to  obtain  energy  density  1  kJ/cm^  or 
more  [1,2],  It  is  well  known  that  in  these  conditions  a  jet  of  partially  ionized  sputtered  target 
matter  propagates  into  the  beam  and  shields,  to  some  extent,  the  surface  from  the  energy  flux. 
But  the  self-consistent  process  is  too  complicated  to  obtain  reliable  values  of  jet  parameters, 
shielding  efficiency  and  surface  etching  rate  otherwise  then  experimentally. 

We  investigated  such  processes  in  a  special  experimental  setup  (see  also  [1]).  Its 
schematic  layout  is  presented  in  Fig.  1 .  Electron  beam  energy  and  current  were  varied  over  a 
broad  range  -  10. .40  keV  and  0.1. .4. 5  A  correspondingly.  The  beam  was  formed  in  a  Pierce 
gun  and  after  additional  two-stage  magnetic  compression  struck  a  graphite  target  in  less  then  1 
mm^  spot.  Thus  power  density  up  to  20  MW/cm^  was  available.  Instead  of  focusing  the  beam 
upon  the  target  it  was  possible  also  to  disperse  it  over  a  large-  area  collector,  which  was  useful 
for  selecting  target-  caused  phenomena  among  others.  Due  to  multi-stage  compression  system 
and  long  (~1  m)  drift  tube  the  electron  gun  was  rather  effectively  protected  from  plasma 
influence  and  usually  current  pulse  duration  (up  to  5  ms)  was  not  limited  by  gun  gap 
breakdown. 

In  our  experiments  in  single-pulse  regime  was  obtained  the  following  set  of  beam 
parameters  and  signals:  voltage  on  the  gun  gap;  currents  of  cathode,  target  and  electrodes 
forming  a  transportation  channel  (TC);  signals  of  X-ray  gauges  located  near 

1234S6  7  89  10 


Fig.l.  Diagram  of  the  experimental  device. 

1  -  thermionic  cathode;  2  -  anode;  3  -  shield;  4  -  section  of  TC  inside  the  magnetic  shield;  5  -  drift  tube; 
6,7  -  solenoids;  8  -  large-area  collector;  9  -  target;  10  -  X-ray  gauges;  11,12  -  light  guides. 
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the  target,  which  we  connect  with  a  flow  of  fast  electrons  on  the  target  surface;  light  radiation 
of  plasma  from  different  parts  of  transportation  channel. 

In  shots  with  comparatively  small  current  (less  then  0.5  A)  all  current  was  divided  between 
two  electrodes  -  the  target  (or  the  collector,  if  the  target  solenoid  was  not  connected)  and  a 
section  of  TC  situated  inside  the  magnetic  shield  (  4  in  fig.l)  1q.  The  proportion  between  these 
two  currents  depended  on  the  magnetic  field  magnitude  and  distribution,  so  we  attribute  Ig  to 
electrons  reflected  by  one  of  magnetic  mirrors. 

But  for  larger  beam  currents  the  evolution 
changed  considerably  and  three  stages  were 
traceable  in  oscillograms  (Fig. 2).  In  the  first 
period  the  character  of  processes  in  the  beam 
was  the  same  as  for  small  current  (this  stage 
is  marked  with  sign  "I"  in  the  Fig. 2).  The 
duration  of  this  stage  depended  on  beam 
current  and  magnetic  field  parameters  and 
thus  on  current  distribution  over  the  system 
electrodes. 

Later  (stage  II  in  Fig.2)  a  current  appeared 
on  the  main  part  of  the  drift  tube  (5  in  Fig.l). 

The  sign  of  the  current  shows  its  ion  nature. 

Simultaneously  a  dip  in  the  target  current  and 
a  rise  in  the  magnetic  shield  electrode 
currents  were  observed.  But  signals  of  X-ray 
gauges  didn't  confirm  the  fall  of  fast  electron 
flow  to  the  target.  And  during  this  stage  (and 
the  next  stages  too)  electrode  currents  could 
be  easily  redistributed  among  the  electrodes 
by  application  to  them  small  (about  50  V) 
voltages.  So  we  think  that  the  current  signals 
after  the  stage  I  were  strongly  affected  by  the 
flows  of  secondary  particles  and  did  not 
reflect  reliably  the  current  of  primary 
electrons. 

There  are  a  number  of  possible  sources  of 
secondary  charged  particles  (electrons  and 
ions)  in  the  beam  system;  ionization  of 
residual  gas  and  sputtered  matter,  plasma 
generation  on  bombarded  surfaces,  secondary 
electron  and  electron-induced  ion  emission, 
etc.  On  our  esteems,  full  beam  neutralization  even  with  only  residual  gas  ions  had  to  occur  at 
our  vacuum  conditions  ('IQ-^  Torr)  in  less  then  100  ps,  independently  on  the  beam  current. 
But  in  experiment  the  difference  between  the  cases  of  large  and  small  current  was  qualitative. 
And  we  attribute  the  difference  to  the  interaction  of  the  beam  with  bombarded  electrodes  - 
generation  of  dense  collector  plasma  and  intense  sputtering  with  ionization  of  sputtered  matter. 
Dense  target  plasma  formation  and  propagation  through  the  transportation  channel  during  the 
stage  II  was  observed  (in  the  case  of  focused  beam)  in  the  signals  of  light  receivers  (U1  and  U2 
in  Fig.2).  If  the  beam  was  not  focused  on  the  target,  the  light  in  the  target  part  of  TC  was  not 


Fig.2.  A  set  of  oscillograms  obtained  in  a  30  kV, 

3. 5 A  current  pulse  with  the  beam  focused  on  the 
target. 

1  -  X-ray  gauge  signal;  2  -  target  current;  3  -  current 
to  the  TC  section  inside  the  magnetic  shield;  4  -  drift 
tube  current;  5  and  6  -  signals  of  light  recievers 
connected  to  light  guides  11  and  12  correspondingly. 
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observed  which  indicates  that  in  this  case  dense  target  plasma  didn't  form.  But  defocusing  of 
the  beam  had  not  altered  the  character  of  the  stage  II  processes.  So  we  are  inclined  to  consider 
that  in  the  defocused  beam  the  current  evolution  during  the  stage  II  was  determined,  at  least  in 
the  defocused  beam,  by  the  influence  of  the  plasma  born  on  the  magnetic  shield  electrode  4. 
The  fact  of  plasma  generation  on  this  electrode  was  confirmed  by  the  traces  of  etching  found 
later  on  its  surface.  Another  reason  for  this  conclusion  is  that  the  "quiet"  stage  I  was  the 
shorter  the  greater  was  the  magnitude  of  magnetic  field  in  the  TC  and  thus  the  greater  was  the 
current  to  magnetic  shield  electrode. 

The  mechanism  of  influence  of  this  plasma  on  the  processes  in  the  beam  is  not  yet  clear. 
The  plasma  could  act  here  simply  as  a  more  intensive  (compared  with  gas  ionization)  source  of 
secondary  particles.  It  would  result  in  the  rise  of  the  beam  potential  that  will  push  ions  in  radial 
direction  onto  the  drift  tube.  (The  positive  potential  with  magnitude  of  a  few  Volts  would  be 
enough  for  ions  to  overcome  the  magnetic  field). 

The  other  possibility  is  in  effect  of  the  plasma  formation  on  electron  optics  of  the  system. 
Magnetic  field  lines  in  the  region  were  the  TC  passes  the  magnetic  shield  come  onto  the 
surface  of  electrode  4  (Fig.l).  But  slow  secondary  electrons  moving  along  the  lines  could  be 
repelled  by  electrostatic  field  of  the  Pierce  gun  beam  cross-over  situated  in  the  same  region. 
Thus  the  electrons  would  be  left  in  the  beam  and  would  hold  ions  there.  The  ion  accumulation 
in  the  cross-over,  in  its  turn,  could  be  ineffective  due  to  the  gun  gap  field  drawing  action.  Thus 
ions  and  secondary  electrons  both  would  accumulate  in  the  beam  until  dense  plasma  would 
affect  the  field  distribution  and  allow  slow  electrons  to  reach  the  electrode  4.  Thereafter  the 
stored  plasma  would  decay  with  slow  electrons  moving  along  magnetic  lines  to  the  magnetic 
shield  electrode  and  ions  moving  in  transverse  direction  to  all  the  TC  parts.  Thus  in  this 
hypothetical  model  the  burst  of  secondary  currents  on  various  electrodes  observed  during  the 
stage  II  finds  its  explanation. 

The  typical  value  of  the  stage  II  duration  was  about  100  ps.  If  the  beam  was  dispersed  over 
the  large-area  collector  then  after  the  end  of  this  stage  signals  usually  stabilized  and  this 
stability  lasted  for  all  the  rest  of  the  beam  current  pulse.  Magnitudes  of  the  signals  here  differed 
from  their  initial  values  because  of  contribution  of  the  secondary  flows.  But  in  the  cases  of  the 
beam  current  exceeding  2A  a  low-frequency  ('20  kHz)  modulation  of  all  signals  was  observed 
(it  can  be  traced  in  Fig. 2  during  the  stage  IV  also).  In  [5]  this  modulation  is  described  in  detail. 

For  the  case  of  the  beam  with  considerable  current  focused  in  a  small  spot  on  the  target  one 
more  phenomenon  was  observed.  The  flow  of  primary  electrons  to  the  target  fell  in  value  up  to 
10  times  (stage  III  in  Fig. 2).  It  was  registered  in  current  and  X-ray  signals  both.  This  fall  we 
attribute  to  the  shielding  of  the  target  by  the  dense  target  plasma  and  sputtered  matter.  The 
studies  of  one-shot  beam  prints  on  a  graphite  target  had  shown  that  the  print  forms  depended 
on  the  duration  of  the  current  pulse.  If  the  pulse  was  interrupted  while  plasma  processes  were 
not  yet  fully  developed  the  print  was  solid  (Fig.  3  a)  and  the  target  etching  rate 
was  about  lO’^g/J  or  less.  But  if  the  pulse 

was  turned  off  later  (during  the  stage  IV),  a  b 

the  beam  print  shape  became  annular  and 
its  radius  and  the  etching  rate  value 
considerably  increased  (Fig. 3b). 

Fig.  3.  Forms  of  single-shot  beam  prints  obtained  in 

short  (a)  and  long  (b)  current  pulses. 
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Thus  in  this  paper  the  results  obtained  in  experiments  with  a  dense  medium-energy  electron 
beam  in  regime  of  long  single  pulses  are  presented.  When  the  beam  was  focused  on  a  target, 
power  density  up  to  20  MW/cm^  was  available.  Specific  processes  caused  by  dense  flows  of 
secondary  particles  and  plasma  were  observed  and  studied.  Rather  effective  target  shielding 
occurred  when  density  of  energy  dose  on  the  target  reached  the  value  of  about  1  kJ/cm^-  The 
target  plasma  and  sputtered  matter,  that  caused  the  shielding,  affected  the  beam  structure  also. 
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To  test  ITER  divertor  candidate  materials  and  to  check  the  physical  models  for  simulation  of  the 
divertor  material  erosion  under  plasma  disruption  conditions  the  measurements  of  target  plasma  dynamic  and 
material  erosion  have  to  be  performed.  The  energy  fluxes  with  pulse  duration  >  100  ps  and  power  densities  >  5 
MW/cm'  are  required.  The  paper  describes  the  facility  ELDIS  producing  an  electron  beam  which  parameters  are 
close  to  required  ones.  The  facility  consist  of  three  main  parts:  vacuum  diode  with  multipoint  explosive 
emission  cathode,  accelerating  tube,  and  magnetic  compression  channel.  Kinetic  energy  of  electrons  is  60-140 
keV,  maximum  power  density  at  the  target  5  MW/cm^  pulse  duration  -  up  to  60  ps,  beam  diameter  at  the  target  - 
1.2  cm,  magnetic  field  induction  at  the  target  -  up  to  4  T.  The  results  of  the  measurements  and  calculation  of 
electron,  beam  parameters  and  some  results  of  the  target  plasma  dynamics  and  target  erosion  investigation  are 
given 


Introduction 

One  important  task  of  the  ITER  research 
activity  is  the  study  of  divertor  components 
erosion  under  plasma  disruption  and  instability 
conditions.  At  the  Efremov  Institute, 
St.Petersburg,  the  disruption  erosion  of  divertor 
materials  is  investigated  applying  the  electron 
beam  facility  ELDIS  as  a  source  of  the  energy 
flux.  A  powerful  electron  beam  is  a  rather 
convenient  instrument  for  such  investigations 
because  its  parameters  can  be  determined  with 
high  accuracy  and  can  be  controlled.  To  perform 
experiments  under  clear  conditions  not  only 
integral  beam  parameters  should  be  known  but 
also  angle  distribution  of  electrons  because  it 
influences  significantly  on  the  density  of  the 
energy  deposition  into  the  target.  The  paper 
describes  the  facility  and  presents  results  of  the 
measurements  and  calculation  of  beam  parameters 
and  some  results  of  investigation  of  the  beam- 
target  interaction. 

The  ELDIS  facility  was  build  and  the 
disruption  simulation  experiments  are  carried  out 
in  collaboration  between  the  Forschungszentrum 
Karlsruhe,  Germany  and  Efremov  Institute, 
St.Petersburg,  Russia. 


Description  of  the  facility 

The  scheme  of  the  ELDIS  facility  is  shown 
in  Fig.l.  It  consists  of  the  following  main 
components:  the  vacuum  diode  with  a  multipoint 
explosive  emission  cathode  (1),  the  accelerating 
tube  (2);  the  compressing  channel  (3),  the  target 
chamber  (4).  The  use  of  the  accelerating  tube 
allows  to  vary  kinetic  energy  of  electrons  in  the 
range  of  60-140  keV.  Pulse  duration  is  controlled 
with  the  step  of  1  ps.  The  power  density  at  the 
target  is  increased  by  compressing  of  the  beam 
downstream  increasing  magnetic  field.  Magnetic 
induction  at  the  target  position  is  4T.  This  value  is 
close  to  typical  magnetic  induction  in  the  ITER 
divertor  region. 

The  ELDIS  facility  is  equipped  with  the 
diagnostic  apparatus  to  monitor  the  parameters  of 
both  the  electron  beam  (accelerating  voltage,  beam 
current,  current  density,  radial  distribution  of 
beam  power  density  at  a  target,  angular 
distribution  of  beam  electrons,  power  density 
temporal  dynamics  in  a  time)  and  the  target 
plasma  (density,  temperature,  expansion  velocity). 
Target  material  erosion  is  measured  by  means  of 
samples  weighing  before  and  after  irradiation  and 
also  with  the  help  of  microprofilometer. 
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interference  filter;  7  -  spectrograph. 


Beam  parameters 

The  peculiarity  of  the  ELDIS  facility  is 
that  because  of  use  of  multipoint  cathode  the  beam 
is  formed  consisting  of  electrons  rotating  around 
magnetic  force  lines.  In  the  course  of  the  beam 
compression  the  transverse  energy  of  electrons 
increases  in  accordance  with  adiabatic  invariant 
Wj^/B=const.  This  leads  to  decrease  of  the  incident 
angles  of  electrons  and  therefore  to  decrease  of  the 
effective  range  (  half  width  of  the  distribution  of 
the  energy  deposition  )  of  electrons  in  a  target 
matter.  So,  because  of  transformation  of  the  big 
part  of  electron  kinetic  energy  into  transverse 
motion  one  can  expect  that  the  density  of  the 
energy  deposition  into  the  target  will  be  increased. 


In  order  to  determine  the  distribution  of  the 
energy  deposition  it  necessary  to  know  the  angle 
distribution  of  electrons.  It  was  calculated 
numerically  with  the  help  of  the  code  POISSON-2 
[1].  Fig.2  shows  the  examples  of  the  calculated 
angle  distributions. 

The  results  of  calculations  were  verified  by  means 
of  the  measurement  of  the  dependence  of  the 
current  to  the  target  on  target  position  in  the 
compressing  channel  and  measurement  of  the 
penetration  of  electrons  trough  the  collimators 
with  certain  diameter  and  length  being  varied  [2]. 
Both  the  current  to  the  target  and  penetration  of 
electrons  depend  strongly  on  the  angle  distribution 
of  electrons. 
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Fig.2.  Calculated  angle  distribution  of  electrons  at 
kinetic  energy  of  60  keV  and  120  keV. 

Comparison  the  results  of  measurements  and 
calculations  showed  that  the  method  of  the  angle 
distribution  calculation  is  correct. 

Beam  power  density  at  the  target  was 
determined  by  means  of  the  measurement  of  the 
currents  density  distribution  and  also  from  the 
dependence  of  the  diameter  of  the  melted  zone  on 
the  metal  target  on  pulse  duration.  The  radial 
distribution  of  the  power  density  determined  by 
means  of  the  second  method  is  shown  in  Fig. 3. 
Maximum  value  of  the  power  density  near  the 
beam  axis  is  5  MW/cm  . 


Radius,  cm 

Fig.3.  Radial  distribution  of  power  density  on  the 
target.  Points  represent  experimental  data. 

Using  the  angle  distribution  and  power 
density  one  can  calculate  the  distribution  of  the 
energy  deposition  into  the  target.  Results  of  such 
calculations  performed  by  means  of  Monte-Carlo 
method  are  shown  in  Fig.4.  The  energy  deposition 
distribution  depends  on  electric  and  magnetic 


fields  configuration  in  the  cathode  region, 
accelerating  voltage,  density  of  the  cathode  points. 
Maximum  density  of  the  energy  deposition  - 
around  50  kJ/g  -  is  achieved  when  accelerating 
voltage  is  60  keV  and  the  density  of  the  cathode 
points  is  4  cm'^. 

Beam  interaction  with  target 

The  beam-target  interaction  was 
investigated  for  the  following  target  materials: 
three  types  of  graphite  based  materials  -  RG-Ti- 
91,  UAM-92-5D  and  UAM-93-i-0.1%B;  cooper 
and  tungsten.  The  following  results  were  obtained. 

The  energy  threshold  for  target  plasma 
emergence  is  equal  to  30  J/cm^  for  Cu,  65  J/cm^ 
for  C  and  56  J/cm^  for  W.  Plasma  electron 
temperature  is  low:  0.7-0. 8  eV  for  Cu  and  0.5-0. 6 
eV  for  C.  Density  of  the  target  plasma  is 
approximately  the  same  -  (2-4*  lO'^  cm'^)  for  all 
materials  investigated.  Most  likely  the  extent  of 
ionisation  does  not  exceed  10%.  The  beam-target 
interaction  process  takes  place  without  a  marked 
shielding  effect. 

The  erosion  rates  for  investigated  materials 
are  the  following:  RG-Ti-91  5pm  (1.8  mg/cm^); 
UAM-93+0.1%B  -  12  pm  (2.28  mgicm  );  UAM- 
92-5D  -  17  pm  (1.8  mg/cm^ )  ;  W  -  0.4  pm  (0.75 
mg/cm^ ). 

The  comparison  between  the  calculated 
distribution  of  the  volumetric  energy  deposition 
with  measured  depth  of  the  crater  on  the  target 
allows  to  determine  the  threshold  energy  density, 
at  which  the  target  material  starts  to  distruct.  For 
the  tested  graphite-based  material  the  threshold 
energy  density  was  found  to  be  around  10  kJ/g. 
This  value  is  considerably  less  than  that  for 
graphite  sublimation  (59kJ/g  for  one-atom 
sublimation  mode  and  ~  30  kJ/g  for  three-atom 
mode).  Thus,  erosion  of  the  graphite  targets  can 
not  be  explain  by  surface  evaporation  only.  It  is 
likely  to  be  connected  with  the  volumetric 
destruction  when  the  energy  density  exceeds  10- 
12  kJ/g.  Note,  that  similar  result  was  obtained  in 

[3]. 


-795- 


A  low  threshold  of  the  specific  energy 
density  leading  to  graphite  destruction  changes  the 
notion  of  the  factors  affecting  the  divertor  erosion. 


Depth,  cm 

Fig.4.  Distribution  of  the  deposited  energy  into  the 
different  targets  (W,  Cu,  C)  for  electron  kinetic 
energy  of  120  keV  and  into  the  graphite  target  for 
electron  kinetic  energy  of  60  keV. 

In  particular,  the  role  of  high-energy  plasma 
electrons  increases  because  of  a  low  screening  of 
such  electrons  by  shielding  layer.  At  the  plasma 
temperature  of  10  keV  electrons  with  an  energy 
higher  than  60  keV  convey  to  the  divertor  surface 
about  5MJ/cm^.  Such  energy  density  can  cause  an 
essential  erosion  of  graphite  -  20-30  pm  per  pulse 
at  the  distraction  threshold  of  around  10  kJ/g. 


Comparison  of  the  expected  energy 
deposition  into  divertor  material  by  high-energy 
plasma  electrons  with  one  produced  by  the  ELDIS 
facility  shows  that  this  facility  can  simulate  the 
energy  load  caused  by  such  electrons  at  the  plasma 
electron  temperature  10  keV. 
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Abstract 

A  quasi-continuum  electron-beam  sustained  glow  discharge  in  a  flow  of 
N2+CO  gas  mixture  at  cryogenic  temperature  was  studied  by  the  emission 
spectroscopy  methods.  Effective  values  of  electron-ion  recombination  and  rate  of 
electron  adhesion  to  electronegative  molecules  (Fe(CO)5,  Ni(CO)4,  H2O)  present 
in  the  discharge  have  been  detennined  in  dependence  of  reduced  electric  field 
strength  E/N. 

Introduction 

A  non-self-sustained  glow  discharge  in  a  flow  of  molecular  gases  ionized  by 
a  high  power  electron  beam  is  widely  used  to  excite  active  medimn  of 
plasmachemical  reactors  and  powerful  CO-lasers  due  to  the  high  degree  of  the 
vibrational  excitation  of  molecules  in  the  discharge  plasma.  Degree  of  vibrational 
non-  equilibrium  of  the  discharge  plasma  depends  in  many  respects  on  plasma’s 
neutral  component  temperature  Tg  as  well  as  on  free  electron  loss  processes  as  a 
result  of  electron-ion  recombination  and  electron  adhesion  to  electronegative 
molecules.  An  influence  of  impurities  of  O2,  H2O,  C3F6  molecules  on  plasma 
conductivity  in  CO-laser  was  studied  at  Tg=100  K  [1].  Electron  adhesion  processes 
to  FefCOfs,  Ni(CO)4  molecules  was  considered  at  Tg=300  K  (2]. 

The  present  work  is  devoted  to  investigations  of  gas  temperature  Tg  fields  in 
a  non-self- sustained  glow  discharge  in  a  flow  of  N2:CO=  10:1  mixture  at  cryogenic 
temperature  and  to  studies  of  the  processes  determining  discharge  plasma 
vibrational  non-equilibrium. 

Experiment 

The  experimental  apparatus  have  been  described  in  detail  in  our  previous 
publication  [3].  The  discharge  was  operated  in  a  discharge  chamber  with  an 
equipotential  netted  anode  and  a  segmented  cathode  disposed  at  an  angle  of  6°  to 
each  other.  A  distance  between  electrodes  L  at  the  chamber  entrance  was  equal  to 
5  mm.  The  gas  mixture  was  pre-ionized  by  electron  beam  with  energy  Eg  of  100 
keV.  Values  of  total  pressure  and  speed  of  the  mixture  pumped  through  the 
discharge  chamber  were  equal  to  60  Torr  and  100  m/s,  correspondingly.  Gas 
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temperature  Tg  of  the  mixture  at  the  chamber’s  entrance  was  maintained  at  100 
K.  The  discharge  duration  was  varied  in  the  range  of  0.2-20  s. 

Emission  spectra  were  registered  in  the  range  of  AA,=200-700  nm  with 
spectral  resolutions  of  0.1,  2.4  mn  and  a  spatial  resolution  of  ~0.1  mm.  To  measure 
gas  temperature,  a  method  was  used  [3]  of  registering  the  unresolved  rotation 
structure  of  an  electronic-vibrational  bands  of  diatomic  molecules.  As  pirometric 
bands,  those  of  the  2+  system  of  N2  and  1-  system  of  N2'^  were  used. 

Effective  values  of  electron-ion  recombination  Pei  and  rate  of  electron 
adhesion  Ve  have  been  determined  in  the  range  of  reduced  electric  field  strength 
variation  E/N=(0.8  -  1.2)  lO’*^  V  cm^  using  the  balance  equation 

Qe  T  p  e  •  n+  •  rig 

(under  condition  of  n.  <<  ng),  where  qg  is  the  measured  value  of  the  rate  of 
working  medium  ionization  by  the  electron  beam;  n.,  n+  and  ng  are  the 
concentrations  of  negative  ions,  positive  ions  and  electrons,  correspondingly. 

Results  and  discussion 

The  N2+CO  plasma  spectrum  in  the  investigated  wavelength  range  AX 
includes  mainly  molecular  bands  of  N2  second  positive,  N2''’  first  negative,  CN 
violet,  C2  Svan  systems,  NO  p-system  and  Fel,  Nil  atomic  lines.  The  most  likely 
mechanisms  of  NO,  CN  and  C2  molecule  formation  in  plasma  are  the  interactions 
between  vibrationally  excited  N2(X,V"),  CO(X,V")  molecules  and  products  of  their 
dissociation  leading  to  degradation  of  N2+CO  mixture.  Presence  of  Fel  and  Nil 
atoms  in  plasma  testifies  that  in  the  discharge  the  decomposing  takes  place  of 
Fe(CO)5  and  Ni(CO)4  molecules  which  are  usually  formed  in  metal  balloons  at 
CO  pressure  of  approximately  100  atm. 

Axial  distributions  of  radiation  plasma  intensity  and  gas  temperature  Tg  are 
ingomogeneous  (fig.  1,  2).  The  temperature  Tg  values  are  equal  to  670  K  near  the 


50  L,mm 


Fig.  1 .  The  emission  intensity  of  the  non-self-sustained  discharge 
N2+CO  plasma  along  the  electrode  gap;  molecular  bands 
of  N2  (1);  N2+  (2);  C2  (3),  CN  (4) 
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cathode,  500  K  near  the  anode  and  120  K  in  the  center  of  the  electrode  gap 
(fig.2).  In  the  vicinity  of  electrodes  the  discharge  energy  goes  mainly  to  excitation 
of  electronic  states  of  N2,  N2^,  CN,  C2  molecules  (fig.l). 


Fig.  2.  The  N2+CO  plasma’s  neutral  component  temperature 
Tg  distribution  along  the  electrode  gap 


The  molecules  can  be  deactivated  by  quenching  at  intennolecular  collisions 
followed  by  essential  heat  releasing.  In  the  central  zone  of  the  electrode  gap  the 
main  portion  of  the  discharge  energy  is  utilized  to  excite  vibrational  levels  of  N2 
and  CO  molecules  ground  state  (X^E).  Tlierefore,  the  radiation  intensity  of  N2, 
N2^  molecules  is  lower  in  the  center  of  the  electrode  gap  rather  then  near 
electrodes.  By  contrast  with  it  the  radiation  intensity  of  CN  and  C2  molecules  does 
not  practically  change  along  L.  This  is  due  to  high  efficiency  of  quasi-resonant 
energy  exchange  between  vibrationally  excited  N2(X,V">9),  CO(X,V">10) 

molecules  and  C2(X,  V"=0),  CN(X,  V"=0)  molecules  being  in  the  ground 
electronic  state  [4,  5]; 

CO(X,V">10)  +  C2  ^  CO(X,V")  +  C2(d^7i), 

CO(X,V">10)  +  CN  ^  CO(X,V")  +  CN(B^E), 

N2(X,V">12)  +  CN  ->  N2  (X,V")  +  CN(B^E). 

Evaluations  of  energy  defects  between  N2(X,V")  and  C2(d^7i,  V)  have  allowed  us  to 
establish  that  the  following  mechanism  of  quasi-resonant  excitation  of  C2(d\) 
molecules  is  possible  in  the  discharge  in  the  N2+CO  inixture: 

N2(X,V">9)  +  C2  N2  (X,V")  +  C2(d^7:). 

Inhomogenety  of  molecular  bands  radiation  intensity  and  gas  temperature 
Tg  gradient  along  the  electrode  gap  can  lead  to  rise  of  the  discharge  instability  and 
to  an  exchange  of  environment  optical  properties  in  the  direction  of  electric 
current.  In  the  case  of  discharge  duration  increasing  (20  s)  a  widening  of  the  near¬ 
anode  zone  to  the  discharge  center  has  been  observed.  Simultaneously  the 
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stratification  of  the  discharge  along  the  electrode  gap  near  the  anode  took  place. 
There  were  three  characteristic  zones  of  plasma  radiation  intensity  with 
dimensions  of  ~5  mm  each.  The  discharge  stratification  was  accompanied  by 
modulation  of  electric  current  and  voltage  with  a  frequency  of  ~0.25  Hz.  The 
most  probable  cause  of  the  discharge  stratification  is  the  local  reduction  of  the 
plasma  conductivity  resulting  from  processes  of  losing  free  electrons  due  to 
electron  adhesion  to  electronegative  molecules  of  impurities  (Fe(CO)5,  Ni(CO)4, 
H2O)  present  in  discharge  and  molecules  of  NO  formed  in  plasma. 

The  table  presents  the  j3ei  and  Vg  values  measured  at  Tg  =120  K  in  the 
N2+CO  mixture  previously  purified  from  the  impurities  down  to  the  level  of 
P*/P~l  ppm,  where  P*  is  a  partial  pressure  of  the  impurities. 


PVP,  ppm 

1 

>50 

E/N-10-16,  V-cm2 

0.6 

0.7 

n 

0 

bo 

0.8 

Ve-104,  s-i 

1.5 

1.3 

1.2 

300 

Pei- 10'^,  cm2  .  5-1 

0.6 

0.7 

0.8 

60 

For  comparison  the  data  of  free  electron  lose  rates  in  non-purified  (P*/P  > 
50  ppm)  cryogenic  mixture  are  given.  At  Tg=120  K  the  value  of  Pei  is  the  order  of 
magnitude  higher  than  that  at  Tg=300  K  [2].  Purification  of  the  mixture  (from 
Fe(CO)5,  Ni(CO)4  impurities)  makes  electron  adhesion  rate  two  orders  of 
magnitude  lower  and  allows  specific  energy  contribution  into  discharge  to  be 
W/G=300-350  J/g  at  electron  beam  current  density  of  je=(7-12)  pA/cm^.  To 
achieve  the  same  values  of  W/G  for  non-purified  mixture  the  value  of  je=2 
mA/cm^  is  required. 

Conclusion 

Processes  of  quasi -resonant  energy  exchange  between  CO  and  N2 
molecules  and  CN,  C2  radicals  formed  in  the  electron-beam  sustained  glow 
discharge  in  a  flow  of  CO+N2  mixture  at  cryogenic  temperature  play  a  vital 
role  in  the  reduction  of  the  vibronic  excitation  degree  of  the  mixture. 

Presence  of  electronegative  molecules  Fe(CO)5,  Ni(CO)4  in  the  discharge 
plasma  and  the  gradient  of  the  plasma’s  neutral  component  temperature  (ATg  ~ 

550  K)  along  the  electrode  gap  lead  to  the  decrease  of  plasma  conductivity  and 
to  the  discharge  stratification  in  the  near-anode  zone  where  the  discharge 
sustained  electron  beam  enters  the  discharge  chamber. 
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Abstract 

Treatment  of  metals  by  powerful  relativistic  electron  beams  is  discussed.  The  quenching 
effects,  recrystallisation,  aging  and  other  structural  and  phase  transformations  can  be 
achieved  depending  on  regime  of  irradiation.  In  principle,  it  permits  to  get  also  structural 
states  of  metal,  which  are  impossible  to  get  by  conventional  methods  of  heat  treatment. 
Irradiation  was  foimd  to  decrease  the  recrystallisation  threshold.  Electric  steel  with  unique 
magnetocontrasting  structure,  which  decrease  of  electromagnetic  loss,  compositions  "metal- 
glue-metal"  based  on  low-carbon  steel  with  high  vibration  absorption  properties  were 
obtained  using  irradiation,  for  example. 

Introduction 

One  of  the  most  actual  problems  in  industry  is  the  transition  from  conventional 
technologies  to  most  efiScient  economical  and  ecological  technologies  based  on  progress  in 
modem  science  and  engineering.  One  of  this  perspective  technologies  is  powerful  relativistic 
electron  beams  treatment  (PREBT)  [1-4].  Effectiveness  of  this  treatment  method  is  connected 
with  the  deep  penetration  of  relativistic  electrons  into  a  metal,  unlike  conventional  methods  of 
heat  treatments,  where  heating  is  realized  only  on  the  surface.  Electron  beams  energy  in 
modem  commercial  technological  accelerators  have  value  up  to  one  or  several  MeV  and 
materials  is  no  radioactive  after  such  irradiation.  These  accelerators  are  of  safe,  rehable  and 
easy-to-handle,  completely  suitable  for  industrial  apphcations.  Practical  advantage  is  that 
the  treatment  can  be  conducted  in  air  or,  if  it  necessary,  in  a  protective  medium.  Power  of 
the  electron  beam  have  value  from  some  kW  up  to  100  kW  and  at  power  ratings  exceeding 
3-4  kW,  electron  accelerators  have  a  higher  costeffectiness,  than  lasers  [5]. 

Experimental  methods 

The  investigation  of  recrystallization  processes,  aging  and  other  stractural  and  phase 
transformation  in  conducted  after  irradiation  with  1.2  and  4.5  MeV  electrons  and  included 
X-ray,  metaUographic,  electric  resistance,  internal  fiiction  and  microhardness  studies.  The 
effect  of  process  temperature  and  electron  flux  on  the  relative  microhardness  after  PREBT 
and  model  armeahng  which  simulated  the  temperature  conditions  during  irradiation  is  studies. 
Details  of  experimental  described  in  [1-3]. 
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Results  and  discussion 

The  dependence  of  relative  variation  of  microhardness  -  reverse  temperature  (in  Arrhenius 
coordinates)  for  constructional  low  -  carbon  steel  strongly  differ  in  irradiated  steel  and  steel 
after  conventional  heat  treatment  (Fig.  1)  [4].  It  is  evident  that  PREBT  is  more  effective  in 
reducing  the  microhardness,  and  the  effect  depends  from  radiation  dose.  It  confirm  that 
specific  radiation  effect  exist  at  this  treatment.  The  results  of  metallographic  studies 
correlate  well  with  the  microhardness  data  and  provide  a  clear  pattern  of  the  recrystallization 
processes  [1]:  irradiation  was  found  to  decrease  the  recrystalhsation  threshold,  its 
temperature  range  decreases  and  recry staUization  occur  at  a  hi^er  rate. 

Same  results,  which  were  described  above  ,  were  obtained  on  electric  steel  [1]. 
Formation  in  electric  steel  unique  magnetocontrasting  structure,  which  consist  of  alternating 
zone  of  dynamo  and  transformer  steel  carry  out  by  PREBT  [6],  besides.  It  obtain,  if  to 
include  in  process  of  production  electric  steel  after  second  cold  rolling  short-term  PREBT 
of  zone  in  which  must  be  isotropic  structure,  Apphcation  such  type  of  steel  lead  to 
significance  decrease  of  electromagnetic  loss  in  transformers. 

The  improvement  results  was  obtained  for  quenching  processes  by  PREBT  [1,7].  The 

high  levels  of  hardness,  wear  resistance  and  ductihty  for  tool  steel  produced  by  irradiation 
treatment  are  attributed  to  the  dispersity  of  carbides  increased  that  enhancing  more  intensive 
stopping  of  dislocations  [1,8].  The  radiation  treatment  can  also  be  used  for  enhancing  the 
properties  of  surface  layers  through  alloying  [1,9].  The  alloying  additives  can  be 
introduced  directly  during  irradiation,  or  apphed  beforehand  as  a  surface  coat.  After 
irradiation  the  increase  of  surface  hardness  was  evidenced  to  a  depth  of  1,5  mm.  The 
practice  of  surface  hardening  of  such  components  of  metallurgical  umts  as  rolls  and  related 
components  becomes  widespread  recently.  Speeded  up  aging  of  aluminum  aUoys  and 
unusual  phenomenon  -  decay  its  unsaturating  sohd  solution  observe  under  PREBT,  besides 
[3]. 

Vibration-  and  sound-proof  compositions  "metal-glue-metal"  for  advanced  drawing 
based  on  low-carbon  steel  with  were  obtained  using  scanning  irradiation  [2].  Study  of 
amphtude-dependent  internal  firiction  show  very  high  damping  decrement  for  same 
composition  (Fig.2).  Such  material  is  necessary  for  motor-car  construction  and  building. 
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1/T,  10^ 
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Pig.1.  Effect  of  treatment  on  relative  variation  of 
miorohardness  of  low-carbon  steel:  model  heat- treatment 
(1);  beam  treatment  (2). 


Pig. 2.  Dependence  of  damping  decrement  on  the  strain 
amplitude  for  low-carbon  steel  (1 )  and  its  laminated 
compositions  with  interlayers  of  adhesives:  Moment-1  (2); 
BP-2  (3);  KPC  (4);  cyacrine  (5);  PVA  (6). 


Conclusions 

PREBT  results  show  is  the  significant  improvement  of  the  performance  characteristics 
of  the  irradiated  metals  and  its  products.  The  physical  nature  effects  of  PREBT  may  be 
connect  with  part  of  unstable  Frenkel  pairs  [10],  The  effect  of  PREBT  described  above 
clearly  demonstrates  the  promise  of  this  technology  in  industry  for  creation  or  modification 
of  the  large  variety  of  metal  and  composite  materials  and  manufacture  of  his  products  and 
the  branch  of  appHcation  beam-heat  treatment  continued  to  extend. 
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Abstract 

Systematic  analysis  of  radiation  creep  experiments  at  cyclic  irradiation  have  been  provided, 
in  first.  Peculiarities  of  radiation  defects  generation  in  metals  at  various  charged  particle 
bombardment  are  analyzed.  Original  method  which  connect  radiation  creep  and  stress 
relaxation  is  described.  Stress  relaxation  in  aluminum  under  100  MeV  carbon  ions 
bombardment  and  Al-Mg-Sc  alloy  under  5  MeV  electron  bombardment  have  been 
investigated.  Effects  cycHc  irradiation  is  obtained.  It  is  show  that  radiation  creep  under  cyclic 
irradiation  may  be  described  of  "climb  plus  ghde"  mechanism. 

Introduction 

Use  of  charged  particle  beams  for  research  of  radiation  creep  is  one  of  the  promising 
directions  in  study  of  mechanical  behaviour  of  first  wall  of  thermonuclear  reactor  materials. 
It  makes  possible  to  carry  out  experiments  directly  during  irradiation  in  a  wide  range  of  the 
energy  spectrum  and  the  spatial  distribution  of  the  radiation  defects  and  to  cany  out 
experiments  in  the  conditions  which  can  be  controlled  more  efficiently  in  comparison  with 
the  reactor  tests.  On  principle,  can  be  obtained  new  physical  information  on  the  nature  of 
radiation  effects  in  such  experiments  in  comparison  with  postradiation  tests. 

Radiation  defects  generation  by  various  charged  particles 
Various  charged  particles  are  used  for  investigations  of  radiation  creep:  electrons,  protons, 
deuterons,  alpha-particles,  ions  [1].  It  is  also  planned  to  cany  out  these  experiments  on  more 
powerful  accelerators  [2].  Ions  and  electrons  have  different  ionization  losses  and, 
consequently,  the  released  energy  in  the  irradiating  specimen  differs  and  defect  generation 
sections  also  differs.  It  can  he  shown  [1]  that  for  a  thin  target,  in  which  the  energy  loss  of  the 
particle  is  relatively  small,  the  following  equation  for  released  energy  on  one  defect  is 


^oPo^d 


where  No  is  Avogadros  number,  A  is  the  atomic  weight,  Po  is  the  density  of  the  examined 
material,  dE/dx  is  the  ionization  losses  of  bombarding  charged  particle,  aj  is  the  displacement 
generation  cross-section. 

Table  1  data  for  which  were  partially  taken  from  [1,3]  gives  several  parameters 
characterizing  processes  of  radiation  damage  by  carbon  ions  and  electrons  and  its  paths  in  Al. 
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Table  1.  Parameters  of  radiation  damage  and  path  of  carbon  ions  and  electrons  in  A1 

Ionization  Displacement  Released 
Energy,  energy  losses,  generation  energy  on 

cross-section,  defect, 

MeV  MeV/cm  |  b  I  MeV 

5,8 
0,27 

Experimental  method 

Hard  requirements  are  imposed  on  experimental  equipment  for  carrying  out  mechamcal 
tests  during  irradiation.  Analysis  of  design  features  of  these  plant  which  was  carried  out  in 
[2]  and  showed  that  it  must  consist  of  working  cell;  system  for  diagnostic  and 
monitoring  of  beam;  loading  system;  force  measuring  system;  strain  measuring 
system;  system  for  temperature  monitoring  and  unit  for  remotely  operated  control  over 
experimental  plant  and  recording  of  experimental  data. 

First-hand  measurement  or  supershort  elongiation  on  beam  is  very  difiBcult  problem. 
And  the  original  experimental  methods  of  radiation  creep  measurements  is  proposed  [4]: 
radiation  creep  rate  is  determinated  from  the  radiation  stress  relaxation  curve.  The  stress 
relaxation  tests  were  made  imder  irradiation  after  preliminary  load  within  elastic  region. 
It  can  be  showed  [4]  that  radiation  creep  rate  is 


where  Aor  is  stress  relaxation  at  time  t,  M  isstiffiaess  of  the  "sample-apparatus"  system. 
Stress  relaxation  in  aluminum  during  100  MeV  carbon  ions  bombardment  [1]  and  in  Al- 
2%Mg  with  small  addition  of  Sc  during  5  MeV  electrons  bombardment  [5]  shifty  above 
room  temperature  and  stresses  near  yield  poiot  was  investigated.  Irradiation  was  not  only 
stationary,  but  cychc,  yet,  that  take  place  in  thermonuclear  reactor.  Aluminum  and  its  alloys 
are  considered  thermonuclear  reactor  first  wall  candidate-materials  [5]. 

The  results  and  discussion 
The  radiation  creep  rate  may  be  described  as 
s^  =  K-G-a 

where  K  is  module  of  radiation  creep  and  radiation  damage  rate  G  =  where  O  is  flux  of 

particles  and  aa  is  displacement  generation  cross-section,  a  is  apUed  stress. 

Modules  of  radiation  creep  in  stationary  and  cychc  carbon  ions  irradiation  with 
period  T  =  9  s  is  adduced  in  table  2. 


12 


240000 


Particle 


Path, 

cm 

1.1 

0.015 
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Plg.1.  Dependence  of  radiation  creep  deformation  ratio 
during  cyclic  (duty  factor  t)  =  0,5)  and  stationary 

electron  irradiation  on  cycling  period. 


Pig. 2.  Dependence  of  radiation  creep  deformation  ratio 
during  cyclic  (period  T=40  s)  and  stationary  electron 
irradiation  on  cycling  duty  factor. 


Table  2.  Modules  of  radiation  creep  at  carbon  ions  irradiation. 


Types  of  irradiation 

Modules  of  radiation  creep, 

(  dpa*  •  MPa 

Stationary 

0.09 

Cychc 

0.23 

*  dpa  is  displacement  per  atom 

It  may  be  seen  that  cyclic  irradiation  more  than  doubles  radiation  creep  rate. 

Dependence  of  accumulating  during  irradiation  deformation  on  Al-Mg-Sc  aUoy  reduce 
on  integral  flux  of  electrons  on  period  of  radiation  cycling  and  its  duty  factor  (radiation  on 
-  off'  time  ratio)  is  shown  at  figure  1  and  2,  accordingly. 

It  is  shown  that  when  cycling  the  irradiation,  the  creep  accelerates  in  times  corresponding 
with  the  dynamic  preference  time  which  is  connected  with  outstripping  interstitial  flux  in 
comparison  with  vacancies  flux  on  smks  at  imstationary  radiation  condition.  Tune  of  this 
outstripping  -  the  dynamic  preference  time  is  [1,5] 

td  (Po  ‘Dv) 


where  po  is  density  of  sinks,  Dv  is  coefficient  of  vacancies  difiusion.  ^  ^ 

And  for  diSusion  parameters  of  aluminum  [1,5]  and  dislocation  density  pd  —  10  -10 
cm'^  may  be  obtained  td  =  100-10  s,  accordingly,  that  agree  with  irradiation  period  during 
which  the  radiation  creep  acceleration  were  observed  for  both  ions  and  electrons  irradiation. 
It  is  very  interesting  that  "radiation  creep  rate  -  fi-equency  irradiation  cychng"  dependence 
have  quasiresonant  character.  The  decreasing  character  dependence  of  radiation  creep  rate  on 
radiation  duty  factor  indicates  that  the  radiation  creep  mechanism  is  the  "climb  plus  ghding" 
[6]. 


Conclusion 

Systematic  investigation  of  radiation  creep  at  cycHc  irradiation  is  provide  on  base  of 
original  method  of  radiation  creep  rate  determination.  Effect  of  dynamic  preference  is 
confirmed  and  is  determined  that  controlling  mechanism  of  radiation  creep  is  climb  plus 
ghding". 
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Abstract 

Pulsed  heat  treatment  is  a  modem  and  ecologically  sound  technique  of  surface  modification. 
The  special  feature  of  pulsed  heat  treatment  is  the  possibility  of  applying  high  heating  and  cooling 
rates  is.  Fast  cooling  rates  (as  much  as  lO’  K/s)  of  the  heated  layer  cause  a  change  in  its  physical 
properties;  metastable  phases  with  amorphous  and  nanocrystalline  structures  are  formed.  For 
investigation  of  the  modifications  of  material  properties  by  pulsed  electron  beams  a  new  powerful 
electron  beam  facility  GESA  was  developed  and  manufactured  [1].  It  produces  an  electron  beam 
with  a  kinetic  energy  of  50  -  150  keV,  a  max.  beam  current  of  500  A,  a  beam  diameter  of  6  -  10  cm 
and  a  pulse  duration  of  5  -  40  gs.  All  marked  beam  parameters  (energy,  current  density,  pulse 
duration)  are  controlled. 

The  paper  presents  the  results  of  investigation  focused  on  the  transformation  of  the  micro¬ 
structure,  alloy  formation  and  high  temperature  corrosion  behavior  of  the  Superalloy  MCrAlY 
treated  by  an  electron  beam.  Further  the  improvement  of  tribological  properties  by  pulsed  heat 
treatment  of  tappets  used  in  car  engines,  consisting  of  a  16MnCr5  steel,  are  described. 


1  INTRODUCTION 

The  possibility  of  applying  high  heat¬ 
ing  and  cooling  rates  to  material  surfaces  is 
the  special  feature  of  pulsed  heat  treatment. 
Fast  cooling  rates  (as  much  as  10^  K/s)  of 
the  heated  layer  cause  a  change  in  its  physi¬ 
cal  properties  (change  of  microstructure, 
improved  wear  arid  corrosion  resistance, 
and  increased  microhardness)  [2,3]. 

Proper  adjustment  of  the  energy  sup¬ 
plied  in  the  pulsed  mode  is  crucial  for  suc¬ 
cessful  surface  treatment  to  generate  the 
desired  modifications.  The  decisive  pa¬ 
rameters  are  the  energy  of  the  electrons,  the 
current  density  and  the  pulse  duration.  It  is 
necessary  that  these  three  parameters  can  be 
set  ad  lib  and  independent  of  each  other. 

The  GESA  facility  produces  an 
electron  beam  with  a  kinetic  energy  of  50  - 
150  keV;  maximum  beam  current  of  500  A; 


beam  diameter  6  -  1 0  cm  and  pulse  duration 
of  5  -  40  ps.  All  beam  parameters  men¬ 
tioned  (energy,  current  density,  pulse  dura¬ 
tion)  are  controllable. 

The  influence  of  the  pulsed  electron 
beam  treatment  performed  by  the  GESA 
facility  on  the  micro-structure,  alloy  forma¬ 
tion  and  high  temperature  oxidation  behav¬ 
iour  of  the  Superalloy  MCrAlY  was  investi¬ 
gated.  MCrAlY  t5T>e  coatings  are  widely 
used  for  oxidation  protection  on  gas  turbine 
blades  at  high  temperature  (>900°C),  with 
M  being  Ni  and/or  Co  [4].  An  improvement 
of  the  corrosion  resistance  of  these  coatings 
would  allow  higher  combustion  tempera¬ 
tures  leading  to  enhanced  efficiency  of  gas 
turbines  and  increased  life  time. 

Hardening  of  car  engine  tappets  con¬ 
sisting  of  16MnCr5  steel  has  also  been  in¬ 
vestigated  with  the  goal  to  improve  the  tri¬ 
bological  properties. 
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2  RESULTS  AND  DISCUSSION 

2.1  Controlled  melt  and  resolidifica¬ 
tion  OF  High  Temperature  Super- 
alloyMCrAlY 

The  specimens  consisting  of  Inconel 
738  were  coated  by  low  pressure  plasma 
sprayed  (LPPS)  MCrAlY  with  35%  Co, 
28%  Ni,  20,5%  Cr,  16%  Al  and  0,5%Y. 
The  coating  thickness  was  200  pm  which  is 
one  order  of  magnitude  higher  than  the 
electron  range  used  in  the  experiments. 
Therefore  only  the  MCrAlY-coating  is  in¬ 
volved  in  the  pulsed  heat  treatment. 

The  beam  parameters  are  the  follow¬ 
ing:  electron  energy  E=120  keV,  current 
density  j=8  A/cm^  and  pulse  duration  t=30 
ps. 

By  solving  numerically  the  heat  equa¬ 
tion  using  the  energy  deposition  profile  and 
thermal  properties  of  MCrAlY  at  given  pa¬ 
rameters,  the  maximum  cooling  rate  and 
resolidification  velocity  were  obtained  to  be 
2,5T0^K/sand0,3  m/s. 


Fig.  1 :  MCrAlY  as  Plasma  Sprayed 


Fig.2:  MCrAlY  after  Electron  Beam  Treatment 


After  treatment  the  irradiated  zone 
was  examined  metallographically  by  SEM. 
Fig.  1  and  Fig.  2  show  the  micrographs  of 
cross  section  before  and  after  irradiation. 


After  electron  beam  treatment  a  glassy  sur¬ 
face  layer  with  a  thickness  of  approximately 
20  pm  can  be  observed.  The  original  two 
phase  structure  changed  into  a  single  phase 
structure  in  the  melting  zone.  This  modified 
layer  was  not  affected  by  etching,  while  the 
two-phase  structure  shows  deep  corrosion 
traces.  Further  the  surface  roughness  in¬ 
duced  by  the  LPPS  process  is  reduced  sig¬ 
nificantly.  The  hardness  of  the  single  phase 
layer  increased  from  440  HV  to  1200  HV. 

2.2  High  Temperature  Oxidation  Test 
AT  IOOQOC  in  air 

The  specimens  for  investigation  of  high 
temperature  corrosion  behaviour  were 
treated  under  isothermal  conditions  at 
lOOb^C  up  to  9600  hours  in  air.  During  the 
experiment  the  specimens  were  frequently 
examined  metallurgically  by  SEM  to  moni¬ 
tor  the  formation  of  the  AI2O3-  and  Cr203- 
oxide  layer.  This  layer  acts  as  a  barrier 
against  oxidation  in  the  high  temperature 
region. 


Fig.  3:  Untreated  Specimen  after  6500  h 


Fig.  4:  Treated  Specimen  after  9600  h 


In  the  untreated  specimen  after  6500  h 
exposure  the  oxide  layer  is  traversed  by  mi¬ 
cro-fissures.  This  leads  to  spallation  of  parts 
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of  the  oxide  layer,  that  must  be  built  up 
again  by  A1  out  of  the  MCrAlY  (Fig  3.). 
The  periodical  occurrence  of  this  oxide  loss 
is  responsible  for  the  limited  life  time  of  the 
protective  coating. 

In  contrast,  the  treated  specimen 
shows  a  homogeneous  dense  AI2O3  layer  on 
the  top  of  the  melting  zone  even  after  9600 
h  oxidation  test  (Fig.  4).  The  homogeneous 
single  phase  surface  structure  suppresses 
micro-stresses  and  the  so  initiated  crack 
formation. 

2.3  Pulsed  Heat  Treatment  OF  Tappets 

Tappets  serve  as  the  intermediate 
component  between  camshaft  and  valve  of 
a  car  engine  (Fig.  5)  and  consist  of  a  carbur¬ 
ized  16MnCr5  steel.  The  material  loss  by 
friction  does  not  allow  a  precise  function 
during  the  engines  life  time.  The  experi¬ 
mental  goal  is  the  improvement  of 
tribological  behaviour  by  modifying  the 
tappet’s  surface  using  pulsed  electron 
beams. 


Fig.  5:  Tappet,  Camshaft  and  Valve 

The  beam  parameters  are  E=100  keV, 
j=6  A/cm^  and  t=25  ps. 

In  Fig.  6  the  materials  hardness  with 
and  without  electron  beam  treatment  is 
shown  as  a  function  of  the  depth  in  the 
specimens  cross  section.  The  hardness 
(Vickers,  25  p)  within  the  melting  zone  in¬ 
creases  fi'om  1200  HV  to  1300  HV.  At  the 
interface  to  the  bulk  material  the  hardness 


declines  and  approximates  the  untreated 
tappets  values. 


Fig.  6:  Hardness  of  Treated  and  Untreated  Tappet 

In  SEM  studies  grain  sizes  of  about 
300  nm  were  found  in  the  melting  zone. 
The  reason  for  the  decline  of  hardness 
under  the  untreated  tappets  value  between 
20  and  25  pm  could  be  a  tempering  effect 
that  leads  to  a  fine  bainitic  structure. 
Investigations  of  this  effect  are  in  progress. 

To  compare  the  wear  resistance  of 
treated  and  untreated  surfaces  a  car  engine 
test  was  performed.  The  rippled  surface 
formed  during  the  treatment  through  boiling 
required  polishing  before  installing  the  tap¬ 
pet.  The  material  loss  during  18  runs  (2h 
per  run)  at  different  revolutions  were 
measured  in  situ  by  the  radioactive  tracer 
method  (RTM)  [5].  Tab.  1  shows  an 
increase  of  the  tappets  wear  resistance  by  a 
factor  of  4,3.  Even  the  non-treated  camshaft 
lost  less  material  in  combination  with  a 
modified  tappet  by  a  factor  2,3. 


Treated. . 
Tappet 

Untreated 

Tappet 

Ratio 

Tappet 

0,87  rag 

3,79  mg 

4,3 

Camshaft 

2,04  mg 

2,3 

Tab.  1:  Total  Wear  of  Treated  and  Untreated 
Tappets  after  the  Test  Runs  of  the  Engine 
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3  CONCLUSIONS 

Pulsed  electron  beam  treatment  has 
proved  a  powerful  tool  for  surface  property 
improvement;  in  particular  for  the  enhance¬ 
ment  of  wear  and  corrosion  resistance. 

1.  Treated  test  specimens  exhibit  the 
formation  of  homogeneous  surface  layers 
with  an  increase  in  hardness  between  40% 
and  a  factor  of  three. 

2.  The  high  temperature  corrosion  re¬ 
sistance  of  the  Superalloy  MCrAlY  can  be 
improved  by  electron  beam  treatment.  The 
stable  protective  oxide  layer  suppresses 
material  loss  by  spallation  as  observed  on 
the  untreated  coating. 

3.  The  wear  resistance  of  tappets  can 
be  significantly  (x4,3)  increased  by  pulsed 
electron  beam  treatment  as  shown  by  an 
RTM  test.  Even  its  friction  partner,  the 
camshaft,  shows  a  reduced  material  loss  by 
a  factor  of  2,3. 
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Abstract 

The  influence  of  irradiation  regimes  by  low  energy  intensive  current  electron 
beams  of  microsecond  duration  on  chemical  composition  and  phase-structural 
state  of  titanium  alloy  parts  surface  layers.  It  is  shown  that  this  treatment  enables: 
to  purify  surface  of  details  from  the  oxygen  and  carbon  impurities;  to  improve  the 
element  distributions  homogeneity  in  a  depth;  to  decrease  roughness  of  surface  up 
to  0.05-0.07  pm;  to  modify  the  phase  composition  and  structure  of  material  in 
surface  layer  up  to  10  pm  thickness.  In  addition,  the  fatigue  hfe  can  be  increased 
in  80  times. 

Introduction 

Lately  the  concentrated  fluxes  of  energy  often  have  been  used  for 
modification  of  metal  material  parts  surface  properties.  The  perspective  method  of 
this  treatment  is  irradiation  of  details  by  low  energy  intensive  current  electron 
beam  (LEICEB  )  of  microsecond  duration.  The  usage  of  LEICEB  allows  to 
modify  surface  microrehef,  chemical  composition  and  phase-structural  state  of 
near  surface  areas  and  so  alter  service  properties  of  machine  parts  purposely.  But 
up  to  the  present,  as  a  rule,  only  the  iron  contented  materials'  have  been  studied. 
The  similar  complex  investigations  of  titanium  alloys  have  been  carried  out.  It 
increases  the  nomenclature  of  details  which  can  be  irradiated  by  LEICEB  with 
purpose  of  service  characteristics  improving.  In  this  connection  the  main  objectives 
of  the  present  research  were  complex  study  of  chemical  composition  and  structure 
of  refractory  alloy  parts  near  surface  layers  after  LEICEB  treatment  and 
determination  of  its  effect  on  fatigue  strength  and  microhardness. 

Experimental 

The  aircraft  engine  compressor  blades  and  samples  manufactured  from 
VT8M,  VT6,  VT9,  VT18U,  VT25U-titanium  alloys  by  mechanical  treatment  of 
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rods  were  used  as  targets.  The  irradiation  of  targets  has  been  carried  out  under  the 
foUowing  values  of  parameters;  energy  of  eIectron-E=20-30  keV;  pulse  duration- 
.^=0.7-2. 5  ps;  energy  density- w=2. 5-5  J  cnr^;  number  of  pulses-n=  1-100. 
According  to  calculated  data  these  regimes  ensure  melting  of  surface  layer 
material.  After  irradiation  the  blades  and  samples  have  been  studied  by  means  of 
Auger  electron  spectroscopy,  X-ray  diffraction  analysis,  scanning  electron 
microscopy  and  microscopic  metallography.  Moreover,  microhardness  (  H^,  )  and 
rouglmess  (  Ra  )  of  target  surfaces  have  been  measured.  The  part  of  the  samples 
and  blades  have  been  amiealed  in  vacuum  (  ~10‘^  Pa  )  at  temperature  500-550 
during  2  hours.  The  total  set  of  researches  has  been  repeated  after  annealing.  High 
cychcal  fatigue  tests  have  been  carried  out  using  the  test  bench  under  the  following 
conditions:  frequency-f=3  kHz;  teniperature-500  ^C;  air;  load-  a=360  MPa.  The 
latter  corresponds  to  the  2x10^  cycles  base  of  the  production  blades. 


Results 

It  is  shown  (  Fig.  1  )  that  hard  etched  layer  with  5-10  pm  thickness  is 
formed  during  liigh  speed  quenching  from  melt.  _ 


Figure  1.  Microstructure  of  compressor  blades  surface  layer  after  LEICEB 
treatment  (  w=5  J  cm'^,  n=40,  t=2.5  ps  ):  a-  VT25U;  b-  VT9. 

Microstructure  of  this  layer  can  be  modified  from  globular  structure  to 
colunmar  one.  Some  results  of  initial  and  irradiated  samples  surface  layer  state 
investigation  are  presented  in  Fig.  1-3  and  Table  1.  It  follows  from  these  data  that 
as  a  result  of  rapid  crystallization  from  melt  the  following  processes  take  place. 
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Figure  2.  SEM-micrographs  of  the  VT25U  alloy  blades  surface  after 
irradiation  (w=5  J  cm"^,  t=2.5  ps):  a-  n=5;  b-  n— 40. 
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Figure  3.  The  element  distributions  in  the  VT9  alloy  blades  surface  layer 
before  (a)  and  after  (b)  irradiation  (w=5  J  cm'2;  n=40):  A-Ti;  •-€;  o-O;  D-Al;  V- 
Zr;  x-Mo. 


(i)  considerable  alterations  of  chemical  composition  in  a  200  nm  thickness  surface 
layer  (purification  from  the  C,  O  -  impurities  and  a  increase  of  the  A1 
concentration  up  to  15-20  at.%  );  (ii)  modification  of  phase  composition  in  the  10 
pm  thickness  surface  layer  (it  follows  from  Table  1  that  almost  total  decay  of  p- 
phase  and  the  formation  of  30-40%-a‘’-  phase  are  observed  as  the  result  of 
LEICEB  treatment);  (iii)  formation  of  tensile  residual  stresses  in  the  same  layer 
(this  is  displayed  as  X-ray  fines  displacement  to  greater  angles  and  decrease  of  the 
microhardness  values);  (iv)  a  lot  of  microdefects  (craters  5-100  pm  in  a  diameter 
and  0.5-2  pm  in  a  depth)  is  formed  during  irradiation  at  low  pulse  number.  The 
rise  of  the  pulse  number  leads  to  decrease  of  craters  distribution  density  and  they 
are  practically  absent  on  the  surface  at  n>40  (Fig.2b).  In  this  case  the  surface 
roughness  was  equal  to  0.05-0.07  pm.  It  allows  to  conclude  that  LEICEB 
treatment  has  a  good  perspective  for  the  microrefief  smoothing  and  the  formation 
of  the  surface  without  the  stress  concentrators  (  craters  ). 

At  the  same  time  the  columnar  grain  structure  formation  in  the  crystallized 
near  surface  area  of  the  blades  is  undesirable  for  the  practical  applications.  Since 
the  columnar  grain  structure  is  formed  at  great  number  of  pulses  and  at  high  value 
of  energy  density  (w>5  J  cm'^,  n>40)  the  gentle  regimes  of  treatment  (w=2-3  J 
cm‘2)  can  be  recommended  for  the  modification  of  titanium  alloy  parts  properties 
(with  the  conservation  of  great  number  of  pulses).  The  latter  is  necessary  for 
decrease  of  crater  formation  probability.  At  last  the  final  heat  treatment  of  the 
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irradiated  blades  must  be  carried  out  to  stabilized  the  structure  in  surface  layers 
and  to  improve  the  service  properties. 


Alloy 

n, 

pulses 

Heat 

treatment 

ma, 

mas.  % 

mp, 

mas.  % 

ma‘s 

mas.  % 

ri/2(no), 

grad 

HV  0.05 

VT6 

- 

93.4-93.0 

6.6-7.0 

0 

0.4-0.425 

370±30 

VT6 

1 

- 

97.2-97.0 

2.8-3.0 

0 

0.62-0.65 

230+30 

VT6 

100 

- 

100 

0 

0 

0.67-0.72 

290+20 

VT6 

100 

+ 

100 

0 

0 

0.41-0.43 

400+20 

VT8M 

_ 

92.9-92.2 

7.1-7.8 

0 

0.37-0.38 

380+20 

VT8M 

10 

- 

66.0-64.0 

0 

34.0-36.0 

0.70-0.71 

230+20 

VT8M 

100 

- 

63.0-61.0 

0 

37.0-39.0 

0.75-0.76 

250+20 

VT8M 

100 

+ 

97.8-97.2 

2.2-2.8 

0 

0.35-0.36 

390+20 

VT9 

- 

93.0-92.0 

7.0-8.0 

0 

0.50-0.54 

420+30 

VT9 

10 

- 

68.0-66.0 

0 

32.0-34.0 

0.75-0.76 

290+20 

VT9 

10 

+ 

95.0-96.0 

5.0-4.0 

0 

0.60-0.62 

330+20 

Table  1.  The  influence  of  irradiation  (w=2.5  J  cm’^,  t=2.5  ps)  on 
microhardness,  phase  composition  and  a  half-width  of  X-ray  (llO)-hne  (Cujca 
irradiation). 

Conclusion 

The  results  of  VT18U  alloy  samples  fatigue  tests  allow  to  conclude  that 
fatigue  long  Ufe  can  be  increased  in  80  times  by  means  of  LEICEB(at  w— 2.5  J 
cm"2,  n>40  pulses)  and  final  armealing  (Nvti8U^2x10^  cycles;  Nvrisu,  ir.^SxlO^ 
cycles).  Thus,  intensive  current  electron  beams  have  a  good  perspective  to  be 
introduced  in  aircraft  engine  building  for  titanium  alloy  parts  service  properties 
modification. 
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Abstract 

Hgj  jjCd^Te  (  MCT  )  samples  (x=  0.21  -  0.22)  are  irradiated  by  pulse  electron  beams 
under  the  doze  lO’^-lO'^  cm'^.  Electron  beams  have  the  next  parameters:  500  keV  energy 
electron  (30-40  A/cm^  electron  current  density,  60-80ns  current  pulse);  200  keV  energy 
electron  (8-10  A/cm^  electron  cxirrent  density,  100-200  ns  current  pulse).  Electroconductivity 
and  recombination  of  modified  samples  are  investigated  by  Hall  effect  and  photoconductivity 
methods.  For  200  keV  electron  energy  beam  irradiation  the  n-type  surface  regions  have  been 
obtained  under  threshold  mechanisms  of  donor  defect  generation.  For  500  keV  electron  energy 
beam  irradiation  the  maximum  value  of  charge  carrier  lifetimes  occur  in  p-  to  n-type 
conductivity  conversion  range  for  the  initial  p-type  crystals  due  to  the  conductivity 
compensation. 

MCT  samples  (x=  0.21  -  0.22)  are  implanted  by  A1  ions  under  the  dose  1 0*^-1  O’*  cm'^. 
Ion  beams  have  the  next  parameters:  (1-10)  A/cm^  ion  current  density;  (100-200)  ns  current 
pulse;  (150-450)  keV  A1  ion  (A1‘’’,A1'^,A1  ’  '  ').  The  ion  distribution  and  doping  profiles  were 
investigated  by  PIGE  and  Hall  effect  methods.  The  comparison  between  MCT  samples  after 
power  pulse  ion  implantation  and  after  standard  ion  implantation  demonstrate  difference  in  ion 
distribution,  doping  profiles  and  defect  formation  radiation  mechanisms. 

Introduction 

As  a  rule,  irradiation  by  easy  particles  as  electrons  with  energy  more  than  1  MeV, 
possessing  the  lengths  of  run  comparable  with  the  cross  sizes  of  opto-  and  microelectronic 
devices,  is  applied  for  voltime  radiating  doping  of  semi-conductor  materials.  The  temperature 
of  irradiation  is  300  K.  It  corresponds  to  conditions  of  ion  implantion,  but  considerably 
exceeds  the  working  temperature  (77-150  K)  of  devices,  based  on  narrow-gap  semiconductors, 
to  which  MCT  (x=  0.21-  0.22)  is  concerned  [3,  4  ]. 

The  properties  of  layers  formed  by  ion  implantion  of  narrow-gap  MCT  are  determined, 
first  of  aU,  by  radiating  infringements.  Formed  n+  layer  does  not  depend  fiom  the  type  of 
conductivity  of  a  material  or  nuclear  number  of  implantant  [  1  ].  However,  the  characteristics 
of  electrical  structures  depend  on  conditions  of  ion  irradiation  [  2  ]. 

In  given  work  the  pulse  accelerators  of  ions  "MUK"  and  "TEMP-2"  [6,7],  were  tised  as  a 
sources  of  electron  and  ioa  Its  work  in  the  mode  of  accelerating  of  electrons  and  ions  (  energy  - 
150-500  KeV )  and  ensure  the  current  density  up  to  100  A/cm'^  at  a  duration  of  pulses  50  -  200 
ns.  The  purpose  of  this  work  is  adaptation  of  modes  of  powerful  pulse  sources  of  electrons  and 
ions  for  semiconductor  technology:  reception  of  MCT  with  given  parameters  and 
unhomogeneous  structures  n‘'’-n,  p-n  types.  The  traditional  methods  of  measurement  of 
electrical,  recombinational  and  photoelectrical  (at  excitation  on  a  length  of  a  wave  10.6  pm  ) 
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characteristics  were  used  for  valuation  of  efficiency  of  influence  the  electron  irradiation  on 
semiconductor  material. 

Electron  Beam  Modification 

As  a  result  of  irradiation  the  MCT  crystals  with  x=0.22  on  "MUK"  accelerator  [6]  in  an 
interval  of  dozes  (0.5  -  5.0)•10‘*cm■^  the  concentration  of  electrons  in  n  -  type  samples 
(starting  n=2.0-10’^  cm'^  at  T  =  77  K)  increased  in  20-30  times,  but  electron  mobility  changed 

slightly  and  was  (l-2)-10*cmV‘*s''.  More 
essential  changes  were  observed  at  p-type 
samples  in  an  interval  of  used  irradiation 
dozes.  The  contribution  of  an  electron 
component  of  conductivity  increased  at 
surface  layer  (up  to  5-10  pm)  down  to  p-n 
conversion  of  the  type  of  conductivity.  We 
consider  that  the  main  results  of  given 
experiments  are: 

1.  Introduction  of  radiating  donor 
defects  at  the  eiqiense  of  effect  of 
mechanism  of  prethreshold  defect 
generation  at  high  energy  pulse  irradiation 
of  electrons  with  energy  up  to  200  keV. 

2.  Formation  of  non-uniform 
distribution  concentration  of  the  type  n"^- 
n(p)  structures  on  depth  for  the  samples 
with  30-50  pm  thickness. 

3.  An  absence  of  introduced  by  irradiation  centers  of  recombination  and  centers  of 

electron  dissipation.  j.  j  i 

It  was  followed  to  wait  more  uniform  distribution  of  parameters  of  uradiated  samples 

on  depth  for  case  of  irradiation  the  MCT  crystals  on  the  "TEMP-2"  accelerator  [7]  (  dozes  up 
to  2.0-10’**  cm'^  at  energy  up  to  500  xeV ),  since  the  process  of  radiating  mechanism  of  defect 
generation  should  not  test  difficulties,  connected  with  a  deficit  of  energy  of  electron  for  beating 
atoms  fi'om  units  of  a  lattice. 

The  doze  dependence  of  lifetime  of  photocarrier  firom  fig.  1  show,  tmt  m  the  area  p-n 
conversion  of  a  type  of  conductivity  the  heaviest  significance  of  a  lifetime  in  irradiating 
material  will  be  realized.  It  will  be  agreed  with  the  results  of  account  for  the  mechanism  of 
recombination  through  local  centers,  which  parameters  are  determined  by  temperature 
dependencies  of  lifetime  [  5  ]. 

Ion  Implantation 

After  irradiation  the  profile  of  implant  ions  analyzed  by  PIGE  method  with  usmg 
resonance  reaction  ”Al(p,  y)'*Si  with  energy  of  analyzing  protons  991,8  keV  (fig.2)[8]. 
Surface  electron  concentration  Ns,  being  the  integral  electron  concentration  through  all 
implantant  layer,  determinated  by  measurements  of  a  Hall  coefficient  by  a  Van-der-Pauw 
method  in  the  assumption  of  the  small  contribution  of  non-irradiated  p^  of  a  semiconductor  m 
conductivity.  The  results  of  measurements  of  integrated  electrophysical  par^eters  of  MCT 
after  irradiation  by  the  A1  ions  show,  that  electron  concentration  after  irradiation  in  n  -  type 
MCT  is  increased,  and  the  conversion  of  conductivity  occurs  in  p  -  type  samples  already  at 


Fig.l  Hall  coefficient  (Rr)  and  lifetime  versus 
irradiation  doze  for  p-type  samples  MCT 
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Ftg.2  Distribution  profiles  of  A1  in  MCT. 
(1-1000  pulse;  2-2000  pulse;  3-3000  pulse). 
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Fig.  3.  Space  distributions  of  concentration  of  charge  carriers 
after  implantation  of  the  ions  A1  in  n-  (  curve  1,4  )  and  p-(2,3) 
MCT.  An  irradiation  doze  0  (  cm*^  ):  1,2-101^;  3,4-10l^.  The 
complete  profiles  of  distribution  of  charge  carriers  for  p-  MCT 
are  represented  on  an  insert. 


minimum  doze  of  irradiation  0=10'^ 
cm'^.  Thus,  high  power  ion  beams 
give  the  same  picture,  as  usual  ion 
sources,  namely:  the  electrical 
properties  of  MCT  after  irradiation 
by  ions  are  determined  by  radiating 
defects  of  a  donor  type.  Appreciable 
decrease  of  electron  mobility  is 
marked  in  initially  n-type  samples, 
that  is  connected  with  formation  of 
extended  defects  of  crystal  structure, 
formed  by  implantation  [  1  ].  The 
absence  of  evident  doze 
dependencies  of  electrophysical 
parameters  of  MCT  is  explained,  as 
appear,  by  that  the  minimum  doze  of 
irradiation  d)==10'^  cm'^,  received  in 
our  experiments,  corresponds  with 
well  known  [  1  ]  saturation  doze 
(Osat)  for  implantation  of  heavy  ions 
in  MCT.  The  analysis  of  profiles  of 
electron  concentration  n(d), 
indicated  on  fig.  3  has  shown,  that 
practically  aU  laws,  typical  for  ion 
implantation  in  MCT  [  1  ],  take  place 
and  at  high  power  pulse  irradiation 
for  dozes  (l-20)-10''*  cm'^.  N-type 
conductivity  arrange  in  a  layer  of  a 
semiconductor,  exceeding  the  depth 
of  average  projection  run  Rp  of  ions 
data  energy  (  3000  A). 

With  increasing  the  irradiation  doze 
the  maximum  of  electron  distribution 
is  shifted  deep  into  a  semiconductor 
(see  fig.  2).  The  concentration  in  a 
maximum  of  distribution  for  a  doze 
MO'^cm'^  is  nmax==2.0-10'^cm'^  that 
corresponds  to  significance  of 
saturation,  connected  with  "  fixing  " 
a  Fermi  level  at  a  level  of  radiating 
defects.  Thus  the  profiles  n  (d) 
coincide  practically  in  samples  , 
having  starting  a  various  type  of 


conductivity.  There  are  some  difference  fi’om  case  of  standard  modes  of  ion  implantation  :  the 
significance  of  nmax  on  the  order  less  than  the  significance  of  saturation  2-10  cm'  at 
irradiation  doze  0=1 -lO'^  cm'^,  which  (nsat)  is  reached  practically  for  all  investigated  ions  at 


such  irradiation  doze  [  1  ]. 
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Conclusion. 

The  results  show  an  opportunity  of  application  of  high  energy  pulse  beams  of  electrons 
for  directed  changes  of  electrical  and  recombinational  parameters  of  narrow-gap 
semiconductors,  that  are  a  main  material  for  optical  electronic  devices.  Results  of  experimental 
researches  show,  that  irradiation  of  MCT  crystals  by  ion  beams  permit  to  form  n'*"-n  and  n-p 
structures  deep  into  samples  0.5-1.0  pm  at  irradiation  dozes  (1  -  10)-10‘^  cm'^.  The  further 
increasing  of  irradiation  doze  means  the  deep  penetration  (  up  to  10  pm )  of  electric  profiles 
deep  into  samples  and  the  formation  a  high  concentration  of  extended  defects  of  a  radiating 
origin  in  region  ~Rf  of  implanted  ions,  influencing  on  processes  of  transport  of  charge  carriers. 
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As  it  was  ascertained  in  works  [1-2]  plastic  deformation  processes  by  ion  implantation 
begin  to  proceed  already  at  doses  10*'*-10'^  cm'^,  and  the  radiation-peening  of  material  occurs. 
However,  all  the  experiments  about  which  it  was  reported  earlier  were  accomplished  on  quasi- 
continuous  accelerators,  and  thin  metallic  films  and  foils  were  used  as  targets.  The  application 
of  the  ion  treatment  for  property  modification  of  different  materials  permits  to  reveal  new 
effects  by  interaction  of  charged  particles  with  a  solid  body,  which  are  not  observed  at 
traditional  radiation  regimes. 

Copper  and  a-iron  notable  for  their  elastic-plastic  properties  were  chosen  as 
investigated  materials.  Tests  were  carried  out  at  massive  annealed  samples  with  a  polished 
surface  (12-th  class  of  roughness).  Radiation  by  small  doses  E  =  2-10''’  -  2-10'^  cm'^  of  ion 
was  conducted  on  the  impulse  accelerator  „Muk“  with  energy  100  keV  at  ion  current  density 
5  A/cm^  and  pulse  duration  x  =  100  ns. 

This  accelerator  permits  also  to  conduct  the  electron  treatment.  Pulse  electron 
radiation  was  accomplished  at  energy  100  A/cm^  and  pulse  duration  50  ns.  The  distance  from 
the  electron  emitting  source  up  to  the  target,  which  presented  steel  P6M5,  was  changed  during 
the  conducted  experiments. 

The  metallografic  analysis  and  Bragg-Brentano  radiography  with  Mo-Ka-radiation 
were  used  for  registration  of  structural  changes  initiated  by  ion  and  electron  treatment.  Crystal 
lattice  microdeformation  values  were  determined  from  physical  broadening  of  diffraction  lines 
(111),  (222),  of  copper  and  (011),  (022)  of  iron  by  the  approximation  method.  Measurements 
of  the  cross  metallographic  specimen  microhardness  at  load  0,3-0,5  N  and  friction  coefficient 
of  sphere  penetrator  slip  from  steel  IIIX-15  at  variable  load  0.3-1  N  were  carried  out.  After  the 
ion  radiation  the  X-ray-structural  analysis  did  not  reveal  any  changes  in  a  phase  composition 
of  testing  materials. 

But  on  copper  diffractograms  already  at  doses  2- 10*'^  cm‘^  it  was  observed  a 
considerable  increase  of  relative  intensity  of  lines  (200),  (222),  (400)  and  a  decrease  of 
intensity  of  lines  (220),  (420),  testifying  to  the  appearance  of  a  primary  grain  orientation.  The 
dose  increase  up  to  210'^  cm'^  is  accompanied  by  a  texture  degree  relaxation.  Visible 
increase  in  intensity  of  lines  (011),  (022)  and  decrease  in  intensity  if  reflexes  (002),  (013)  are 
observed  at  dose  210'^  cm'^.  Texture  appearance  confirms  the  proceeding  of  plastic 
deformation  processes  under  the  action  of  accelerated  ions  mainly  in  the  slip  system  planes 
(fcc-Cu:{lll}<110>,  bcc-Fe:  {110}<111>).  After  radiation  the  metallographic  analysis  did 
not  reveal  any  changes  in  the  average  grain  size.  The  plastic  deformation  intergrain 
mechanism  is  considered  to  be  probable  because  of  a  polycrystal  grain  turn  as  a  result  of  the 
stress  influence  caused  by  radiation.  The  X-ray  line  physical  broadening  analysis  showed  the 
presence  of  microstresses  (Cu:  s  =  6,6810''‘;  a-Fe:  s  =  6,83-10'^)  at  doses  preceding  the 
plastic  deformation  dose,  while  in  the  initial  annealed  samples  stresses  of  the  II  sort  were 
absent.  The  average  dislocation  density  in  grains  at  that  time  was  increased  by  a  factor  of  10'^ 
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and  made  up  (2-3)10’°  cm'l  Thus,  the  pulse  ion  treatment  in  the  range  of  small  doses  is 
accompanied  by  the  course  of  plastic  deformation  in  massive  e  materials  and  leads  to  a 
considerable  dislocation  density  increase. 

In  the  described  experiment  changes  in  the  diffraction  picture,  obtained  at  sounding  of 
layers  with  thickness  up  to  10  pm,  take  place  at  depths  which  exceed  the  ion  path  in  a  solid 
body  by  a  factor  of  10^  (Cu-C^:  Rp  =  105  nm,  a-Fe-C^:  Rp  =  1 12  run) .  The  question  about  the 
reasons  of  the  long-range  interaction  effected  by  ion  radiation  remains  still  debatable. 

In  the  course  of  discussion  of  the  discovered  structural  changes  the  following  factors 
must  be  taken  into  consideration:  the  influence  of  temperature  patterns,  static  stresses 
cormected  with  impurity  atoms  and  welding  radiation  defects,  dynamic  stresses  caused  by 
acoustic  wave  propagation  (AW)  by  ion  implantation. 

Solution  of  the  heat  conduction  equation  [3]  for  radiation  in  consideration  of  chosen 
radiation  regimes  showed  that  the  target  heating  by  ion  beam  bombardment  was  negligible 
(Tmax  =  320  K).  Therefore  the  structural  changes  by  ion  bombardment  of  this  kind  cannot  be 
explained  by  thermal  effects.  According  to  the  conducted  estimation  [4]  stresses  caused  by 
implanted  impurity  atoms  may  exceed  the  material  yield  point  and  initiate  the  plastic 
deformation.  However,  the  fields  of  these  stresses  appear  to  be  prevailing  in  thin  surface 
layers  with  thickness  comparable  with  the  ion  path.  But  they  are  not  long-range  because  they 
decrease  inversely  proportionally  to  the  cube  of  distance  from  the  surface  and  scarcely  can 
provoke  the  texture  depths  up  to  10  |im.  In  our  opinion,  acoustic  wave  pressures  may  be  the 
initial  cause  of  a  long-range  effect.  Theoretical  calculations  carried  out  in  accordance  with  the 
model  proposed  in  the  work  [5]  showed  that  the  pressure  amplitude  (by  j  =  5  A/cm  )  of  the 
resultant  primary  in  the  layers  to  100  pm  reaches  760  MPa  for  Cu  and  980  MPa  for  a-Fe,  that 
is  considerably  higher  than  the  material  yield  point  (Cu:  G  =  68  MPa,  a-Fe:  G  =  200  MPa). 
Furthermore,  the  acoustic  ware  pressure  in  copper  with  lower  yield  point  is  higher  than  in 
a-Fe.  Therefore,  the  texture  appears  in  Cu  at  lower  radiation  doses. 

After  electron  radiation  the  X-ray  structural  analysis  of  steel  P6M5  revealed  the 
following:  The  distance  decrease  between  the  Source  and  the  target  from  5  cm  up  to  10  cm 
provoked  the  increase  of  diffraction  peaks  of  carbides  FesC  and  FesWsC  and  the  appearance 
of  peaks  y-Fe.  The  strong  heating  of  samples  be  the  subsequent  distance  reduction  up  to  2.5 
cm  stimulated  the  decay  of  carbides,  dissolution  of  carbon  in  a-Fe  and  thus  the  considerable 
growth  of  austenite.  Parallel  with  above  mentioned  structural  changes  by  electron  radiation  the 
substantial  increase  of  peaks  y-Fe  was  observed.  This  testifies  the  proceeding  of  plastic 
deformation  processes.  It  must  be  noted  that  the  electron  beam  provoked  the  fusion  and  the 
increase  of  surface  roughness. 

Microhardness  measurements  of  ion  irradiated  copper  and  iron  samples  revealed 
the  zone  with  increased  mechanical  properties  200  p.m  in  depth  (Fig.l).  We  ascertained  the 
considerable  dislocation  density  increase  in  grain  on  depths  of  10  pm.  Electron-microscopic 
researches,  conducted  by  some  authors  [6],  showed  changes  in  the  dislocation  structure  after 
ion  radiation  in  the  layer  of  1 00-200  pm.  Analogous  effects  apparently  take  place  also  in  this 
experiment  providing  metal  hardening  according  to  the  dislocation  mechanism. 

After  electron  radiation  the  zone  with  increased  mechanical  properties  was  also 
observed.  The  microhardness  increases  from  350  kg/mm^  up  to  500-550  kg/mm^  at  depths 
100-200  pm  is  conditioned  not  only  by  the  thermoelastic  excitation  of  waves,  but  also  by  the 
efficiency  pulse  during  evaporation).  In  this  case  the  amplitude  of  compression  pulse  may 
exceed  the  ferrite  yield  point,  provoking  the  plastic  deformation  and  thus  the  increase  of 
dislocation  density. 
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Microhardness  distribution  in  depth  for  Cu 
and  a-Fe  before  and  after  pulse  irradiation 
by  ions  (E  =100  keV)  by  dose  10*^  cm'^; 

1  -  non-irradiated  Cu,  2  -  irradiated  Cu, 

3  -  non-irradiated  a-Fe,  4  -  irradiated  a-Fe.  • 


0  0/  qs 

Fig.  2 

Friction  coefficient  dependence  on  load  foi 
copper  and  iron  before  and  after  pulse 
irradiation  by  ions  (E  =  100  keV): 

1  -  non-irradiated  Cu,  2  -  P  =  2-10'“*  cm'^, 

3  -  non-irradiated  a-Fe,  4  -  P  =  2-10''^  cm'^. 


After  the  ion  treatment  changes  in  test  material  friction  properties  were  observed.  The 
samples  irradiated  by  doses  corresponding  to  plastic  deformation  doses  possessed  the  lowest 
friction  coefficient  (Fig.  2).  By  the  following  dose  increase  the  tendency  to  the  reset  of  initial 
values  was  exhibited.  The  improvement  of  friction  properties  is  conditioned,  on  one  hand,  by 
the  increase  of  irradiated  target  hardness.  On  the  other  hand,  the  appearance  of  the  texture 
favourably  orientated  with  respect  to  the  shift  during  the  ion  influence  may  promote  the 
decrease  of  tangential  stresses  in  the  contact  zone,  ensuring  the  friction  loss  decrease.  Electron 
irradiation  caused  the  friction  coefficient  increase  at  all  the  test  loads,  that  was  connected  with 
the  roughness  parameter  increase  during  the  surface  fusion. 
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Abstract 

TTie  theoretical  model  of  SO2 ,  NO  and  H2S  oxidation  in  humid  air  by  electron  beam 
with  the  electric  field  presence  was  developed.  Data  estahUshed  by  our  simulation  calculations 
using  this  model  show  that  SO2  and  H2S  molecules  through  SO2  are  being  converted 
effectively  into  H2SO4  in  result  chain  process. 

Introdtiction 

The  rate  of  SO2  and  H2S  oxidation  in  irradiated  humid  air  can  be  increased  by  an 
electric  field  simultaneous  apphcation.  At  the  same  time  the  energy  cost  of  those  molecules 
removal  is  significantly  decreased  what  is  related  to  the  chain  reaction  which  takes  place  in 
such  conditions  as  it  was  described  by  Nichipor  et  al  [1].  It  was  found  that  with  the  electric 
field  presence  a  dissociative  attachment  of  the  electrons  with  the  O2  molecules  is  very  efficient 
what  leads  to  the  chain  described  by  the  following  reaction  cycle: 

O2  +  +  O  (1) 

O  +  O2  +  M  O3  +  M  (2) 

SO2  +  O3  — >  SO3  +  O2  (3) 

S03'  +  H2O  ^  H2SO4  +  (4) 

The  influence  of  electric  field  on  the  kinetics  of  NO  and  SO2  removal  is  related  to  an  increase 
of  concentration  due  to  the  chain  process  (l)-(4)  and  an  increase  OH,  HO2  radicals 
concentrations. 

The  aim  of  the  present  work  is  to  simulate  the  homogeneous  gas  phase  chemistry  of  the 
electron  beam  process  in  the  gas  mixture  H2O  +  O2  +  N2  +  SO2  +  NO  +  H2S  with  the 
electric  field  presence. 

Model  of  calculation 

The  apphed  model  of  calculation  was  described  by  Nichipor  et  al  [2-3].  Primary  process 
of  ionization  and  dissociative  excitation  under  the  accelerated  electrons  influence  have  been 
taken  into  accoxmt  in  the  process  of  humid  air  mixture  radiolysis  with  the  addition  of  different 
initial  SO2 ,  NO  and  H2S  concentrations.  The  electrons  which  appeared  in  the  gas  mixture 
under  electron  beam  mfluence  are  energized  by  electric  field.  The  energy  which  was 
transmitted  to  electrons  by  electric  field  helps  them  to  participate  actively  in  chemical 
processes.  The  rate  constants  of  the  most  important  processes  of  the  used  model  have  been 
modified  in  req)ect  of  electric  field. 
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All  known  process  of  positive  and  negative  ions  and  neutral  molecules  were  taken  into 
accoimt  in  humid  air  radiolysis  with  additives  SO2 ,  NO  and  H2S. 

The  chemical  model  includes  57  different  species  and  236  reactions. 

The  integration  of  the  complete  system  of  first  order  ordinary  differential  equations  was 
performed  by  use  of  the  computer  code  KINETIC  employing  a  Gear  algorithm  especially 
suited  for  stiff  systems. 


Result  and  discussion 

The  first  step  was  the  calculation  of  the  final  SO2 ,  NO  and  H2S  concentrations  as  a 

—15  2 

fimction  of  dose  with  the  electric  field  presence  (E/N=  0  •  cm  ).  The  mixtme  containing 

N2(68%),  O2  (20%),  H2O  (12%),  NO  (0  -  500  ppm),  SO2  (250  -  1000  ppm),  H2S  (0  -  1000 

2 

ppm)  at  T  =  340  K ,  p  =  1  atvi,  j  =  0,22mAI cm  were  taken  into  consideration. Through  this 
simulation  study  it  was  shown  that  the  oxidizing  reaction 
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Fig.1.  The  results  of  calculations  of  irradiated  humid 
gas  mixture  with  presence  of  electric  field 
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Typical  results  of  SO2 ,  NO  and  H2S  removal  as  a  function  of  absorbed  dose  with  the 
electric  field  presence  are  shown  in  Fig.l.  It  was  established  that  chain  process  (l)-(4)  lead  to 
the  O  and  OH,  HO2  radicals  concentrations  increasing  and  due  to  this  fact  the  H2S  to  SO2 
conversion  was  accelerated  and  the  SO2  conversion  into  H2SO4  was  accelerated  too.  This 
results  in  more  efficient  decomposition  of  additives  to  compare  with  similar  reactions  without 
electric  field  given  by  Nichipor  et  al  [3], 

The  influence  of  the  H2S  conversion  into  SO2  on  the  chain  process  (l)-(4)  is  more 
effective  when  initial  SO2  concentration  is  low  according  to  model  calculations.  When  H2S 
particles  are  present  and  initial  SO2  concentration  is  higher,  the  stable  level  of  the  H2SO4 
concentration  can  be  reached  faster. 

Conclusions 

As  it  was  demonstrated  above  the  model  calculations  of  humid  air  radiolysis  with  NOx , 
SO2  and  H2S  additives  under  electric  field  influence  shows  that  SO2  and  H2S  molecules 
through  SO2  are  being  converted  effectively  into  H2SO4  in  result  of  chain  process.  That 
chain  process  with  H2S  molecules  presence  are  more  intense  due  to  energy  transfer  from 
electric  field.  The  total  SO2  and  H2S  conversion  into  the  H2SO4  molecules  is  performed  in 

time  T  =  2  •  10^  s,  that  is  2  times  longer  than  conversion  SO2  into  H2SO4  without  H2S 
addition. 


1.  Nichipor  H.,  Radjuk  E.,  Chmielewski  A.G.,  Zimek  Z.,  Lysov  G. W.  : 

J.  Advanced  Oxidat.Techn.,  (1996)  -  in  print 

2.  Nichipor  H.,  Radjuk  E.,  Chmielewski  A.G.,  Zimek  Z.,  Lysov  G.W.  :  Radiat.Phys.Chem.,  46  (1995) 
pp.1115-1118. 

3.  Nichipor  H.V.,  Dashouk  E.M.,  Yatsko  S.N.  :  Radiat.Phys.Chem. ,  46  (1995) 
pp.1111-1114. 


-827- 


P-3-21 


Research  of  action  of  a  pulsing  frequent  electron  beam  on 
microorganisms  in  water  solutions 


S.Yu.  Sokovnin,  Yu.A.  Kotov  and  G.A.  Mesyats 

Institute  electrophysics,  Ural  Branch,  RAS ,  34,  Komsomolskaya,  St.,  Ekaterin¬ 
burg,  Russia,  620219 


Abstract 

Action  nanosecond  high-current  electron  beam  (HCEB)  on  microorganisms  in  water 
solutions  is  investigated. 

It  is  experimentally  found,  that  the  disinfection  doze  nanosecond  HCEB  for  a  mix 
from  Coli-fomes,  Salmonella  enteritidies,  Staphlococuc  aureus  with  initial  concentration 
micro-organisms  on  billion  1/ml  of  each  kind  in  a  physiological  solution,  makes  4  kGy, 
thus  the  absorption  doze  on  a  surface  chamber  by  thickness  of  1,5  mm  was  20  kGy. 

Effect  of  abnormal  influence  of  hashing  of  a  tight  packed  water  solution  on  wreck 
microorganisms  is  established  at  irradiation  HCEB,  which  cannot  be  explained  as  by 
alignment  of  a  doze  on  volume  a  chamber,  as  diffusion  of  a  oxygen.  It  permits  to  lower  a 
disinfection  doze  at  processing  of  a  water  HCEB. 

Introduction 

Environmental  contamination  calls  for  disinfection  of  natural  and  waste  water.  The 
method  most  universally  employed  at  present  is  the  chemical  decontamination  of  water, 
which  consists  of  either  chlorination  or  ozonization.  However,  chlorination  is  responsible 
for  toxic  organic  chlorine  compounds  forming  in  water,  while  ozone  treatment  gives  rise  to 
both  biologically  decomposable  organic  matter  and  complicated  organic  compounds.  A 
general  drawback  of  chemical  disinfection  is  that  microorganisms  residing  within  suspended 
particles  cannot  be  affected. 

An  alternative  solution  is  radiation  treatment,  owing  to  its  universal  destroying  action 
on  various  kinds  of  biological  entities.  To  disinfect  water,  use  has  been  made  of  both 
gamma  radiation  of  isotopes  and  electrons  accelerated  by  a  0.3  to  1  Mev  continuous-action 
accelerator.  Irrespective  of  the  type  of  radiation,  the  radiation  sterilization  dose  is  not  over 
4  kGy  for  waste  water  and  does  not  exceed  1  kGy  for  natural  water. 

With  the  recent  advent  of  solid-state-switching  pulsed  repetitive  electron  accelerators  [2], 
whose  advantages  include  a  longer  service  life,  a  relatively  smaller  size,  and  a  lower  cost  (in 
comparison  with  continuous-action  accelerators),  a  currently  central  problem  is  to  investi¬ 
gate  the  biological  effect  of  a  high-current  electron  beam  (HCEB)  on  aqueous  solutions. 
Available  data  on  surface  sterilization  by  pulsed  nanosecond  HCEBs  [3]  have  shown  the 
application  of  such  beams  to  be  highly  efficient. 
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Experiment 

In  the  experiments  we  used  airtight  stainless  steel  cells  1.5  mm  deep,  where  the  initial 
concentration  of  microorganisms  in  the  physiological  solution  ranged  between  10^  and  10’ 
1/ml.  The  sanitary  microbiological  analysis  was  performed  by  the  method  of  sowing  o 
n  diagnostic  culture  media. 

Cells  containing  microorganism  were 
irradiated  at  room  temperature,  by 
means  of  a  pulsed  repetitive  "Ruslan" 
accelerator  [4]  having  an  electron  energy 
of  700  keV,  an  electron  beam  current  of 
5000  A,  a  half-height  pulse  duration  of 
26  ns,  a  pulse  repetition  frequency  of  1 
to  10  pps,  and  a  beam  area  of  60*10 
cm-.  The  accelerator  voltage  oscillo¬ 
gram  are  presented  in  Figs  1 . 

Plastic  film  detectors  were  used  to 
measure  the  absorbed  dose  of  the 
HCEB.  The  field  of  the  absorbed  dose 
in  water  was  measured  in  irradiation 
depth.  For  results  of  the  experiments 
and  for  the  calculated  absorbed  dose 
distribution  for  mono-energetic  elec 
trons  refer  to  Fig.  2. 

Fig.  1 .  Voltage  pulse  oscillogram  of  the  "Ruslan"  The  value  of  the  absorbed  dose  on 

wall  of  the  absorbed  dose  on  the  rear 
(remote)  wall  of  the  cell  bath  is  taken  to  be  the  sterilizing  value  as  it  is  lowest  in  the  entire 
volume  of  the  cell. 


U,  MV 


Table.  Irradiation  results 


N 

Do,  kGy 

No,  1/ml 

no 

ni 

n2 

n3 

a, 

Hashing 

1 

12.8 

10^ 

503 

332 

61 

5 

nogr. 

no 

2 

12.8 

lO’ 

248 

62 

2 

nogr. 

nogr. 

no 

3 

12.8 

10^ 

3 

no  gr. 

no  gr. 

nogr. 

nogr. 

no 

4 

11.1 

10'^ 

711 

200 

39 

2 

nogr. 

no 

5 

11.1 

10^ 

55 

8 

1 

nogr. 

no  gr. 

yes 

6 

9.8 

10^ 

2048 

211 

42 

2 

nogr. 

no 

7 

9.8 

15 

1 

no  gr. 

nogr. 

nogr. 

yes 

Note:  No  -  is  the  initial  concentration  of  microorganisms;  ni  the  number  of  colonies  per 
milliliter  after  irradiation,  with  i  =  1, 2  ...  being  the  order  of  breeding  of  the  irradiated  cul¬ 
ture  when  transplanted  onto  a  culture  medium;  Do  -  the  absorbed  dose  on  the  surface  of  the 
cell;  no  gr.  -stands  for  the  absence  of  the  growth  of  microorganisms. 

We  carried  out  experiments  on  equal-dose  irradiation  of  cells  with  different  initial  con- 
cen-trations  of  microorganisms  and  investigated  the  effect  that  agitating  the  solution  in  the 
process  of  irradiation  has  on  the  destruction  of  microorganisms.  The  solution  was  stirred 
by  shaking  the  cells  as  they  were  irradiated.  Results  of  the  experiments  are  consolidated  in 
a  table. 
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Discussion 

It  has  been  found  experimentally  that  the  sterilizing  dose  of  the  nanosecond  HCEB  for  a 
mixture  with  an  initial  concentration  of  microorganisms  of  10^  1/ml  of  each  species  in  the 
physiological  solution  is  4  kGy  with  the  absorbed  surface  dose  being  20  kGy. 

Results  of  experiments  on  the  irradiation  by  approximately  equal  doses  of  microorgan¬ 
isms  with  different  initial  concentrations  have  shown  (see  table)  that  the  number  of  micro¬ 
organisms  that  have  survived  is  determined  by  the  absorbed  dose  and  is  independent  of  the 
initial  concentration.  This  is  inconsistent  with  data  [5]  obtained  for  gamma  radiation  and 
electron  beams  of  accelerators  with  directly  current  and  shows  that  increasing  the  concentra¬ 
tion  of  microorga-nisms  raises  their  radiation  resistance. 

Agitating  the  solution  in  the  process  of 
irradiation  has  been  found  to  have  a 
dramatic  effect  on  the  destruction  of 
microorganisms.  Thus  shaking  the  cell 
one  time  with  half  a  dose  leads  to  the 
surviving  microorganisms  decreasing  in 
number  by  more  than  an  order  of  mag¬ 
nitude  (see  table,  Nos  4  and  5).  With 
the  cell  shaken  three  times  with  every 
quarter  of  the  full  dose,  the  number  of 
microorganisms  that  have  survived  de¬ 
creases  by  two  orders  of  magnitude 
(Nos  6  and  7).  This  strong  effect  of  agi¬ 
tation  cannot  be  attributed  to  only  the 
equalization  of  the  dose  in  the  volume  of 
the  cell,  because  the  differ- 
Fig.  2.  Dose  distribution  in  water.  ence  between  the  dose  on  the  surface 

and  the  dose  on  the  rear  wall  of  the  cell 


D,  Mrad 


(1.5  mm  deep)  is  less  than  one  order  of  magnitude  (Fig.  2).  Ref.  [5]  provides  data  to  the 
effect  that  shaking  the  suspension  in  the  presence  of  oxygen  lowers  the  radiation  resistance 
of  microorganisms.  In  our  case,  however,  the  cell  is  sealed,  and  the  possibility  of  oxygen 
diffusing  into  the  suspension  is  absent. 

Earlier  [3]  a  three-fold  reduction  of  lethal  doses  for  various  kinds  of  microorganisms 
was  found  to  take  place  when  an  HCEB  was  used  for  surface  sterilization.  In  our  case,  a 
still  more  dramatic  decrease  in  lethal  doses  may  be  expected  if  we  assume  that  secondary 
factors,  which  arise  as  the  HCEB  decelerates  and  which  are  capable  of  penetrating  more 
deep  than  electrons  (X-ray,  microwave  and  ultraviolet  radiation,  shock  wave,  etc.)  are  re¬ 
sponsible  for  this  effect. 

Thus  it  may  be  concluded  that  when  irradiating  water  from  natural  water  sources  with  a 
characteristic  contamination  at  a  level  of  10^  1/ml,  a  dose  on  the  order  of  2.5  kGy  will  be 
needed  to  produce  potable  water.  Allowing  for  the  fact  that  active  agitation  can  be  ar¬ 
ranged  in  the  process  of  irradiation,  the  required  value  of  the  dose  on  the  rear  wall  can  be 
set  at  a  level  of  1  to  1.5  kGy.  However,  when  water  is  stirred  violently,  the  question  of  the 
ratio  of  the  doses  on  the  surface  and  on  the  rear  wall  becomes  nontrivial  and  invites  investi¬ 
gations. 

To  check  up  on  the  results  obtained,  water  of  the  Verkh-Issetski  pond  (drinking  water 
supplysource  in  Ekaterinburg)  was  exposed  to  irradiation.  A  50  mcm  thick  polyethylene 
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film  wasused  to  seal  cells  (p  =  2  mm).  When  in  the  act  of  being  irradiated,  the  cells  were 
repeatedly  shaken.  The  absorbed  dose  on  the  surface  and  that  on  the  rear  wall  were  14  and 
1 .3  kGy,  respectively.  The  water  exposed  to  irradiation  turned  out  to  be  sterile,  whereas  the 
check  sample  index  was  70  000. 

The  absorbed  dose  of  1 .3  kGy  corresponds  to  a  consumption  of  0.62  kW  h  (with  the 
transmission-of-power-to-beam  efficiency  being  75%)  required  for  cleaning  I  m^  of  water,  a 
requirement  which  correlates  with  the  power  consumption  in  the  event  of  ozonization. 
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ABOUT  TRANSPORT  CURRENT  CHANGE 
IN  HIGH-TEMPERATURE  SUPERCONDUCTING  REAL  WIRES 
AND  TAPES  AS  A  RESULT  OF  ELECTRON  IRRADIATION. 

Davlatjan  T.A.,  Kalashnikov  V.V.,  Kruglov  V.S.,  Tokarev  A.S. 

Institute  of  Superconductivity  and  Solid  State  Physics,  RRC  "Kurchatov  Institute", 
Kurchatov  sq.,  Moscow,  123182,  Russia 

It  is  shown,  that  an  influence  of  electron  irradiation  on  a  transport  current 
capability  of  real  high-temperature  superconducting  wires  and  tapes  based  on 
BiSrCaCuO  has  the  ambiguous  nature  and  depends  on  conditions  of  synthesis,  phase 
structure,  as  well  as  kind  of  a  studied  sample  (ceramics,  wire  or  tape). 

The  research  was  conducted  on  real  wires  and  tapes  with  different  phase 
structure:  "2212"  and  "2223"  and  also  had  various  technologies  of  manufacturing:  melt- 
textured  growth  (I)  or  oxide-powder  in  silver  tube  (II).  Samples  irradiation  was 
conducted  by  fast  electrons  with  energy  4-10  MeV  on  air  with  control  of  sample 
temperature  in  irradiation  process.  The  critical  current  was  determined  on  voltage- 
current  characteristics  of  studied  real  superconducting  wires  and  tapes. 

The  received  results  on  electron  irradiation  influence  on  critical  current  are 
submitted  on  fig.  1-2  at  in  different  magnetic  fields.  For  some  samples  at  measurements 
in  own  magnetic  field  it  is  possible  to  measure  the  appreciable  increasing  of  critical 
current  at  small  irradiation  dozes.  For  other  these  dependencies  are  the  same  as  doze 
dependencies,  received  while  usual  lowertemperature  superconductors  irradiation.  For 


Fig.  1.  Dependence  of  samples  critical  current  on  fluence  at  B=0  T 
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all  given  above  tapes  and  wires  at  dozes  higher  1*10"^  cm*^  the  transition  to  subsequent 
stabilization  of  critical  current  size  is  observed.  At  external  magnetic  field  the  nature  of 
dependencies  of  critical  current  with  electron  irradiation  doze  has  some  changes. 
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Fig.  2.  Dependence  of  samples  critical  current  on  fluence  at  B=5  T 


In  the  field  of  small  external  magnetic  fields  to  0.3T  investigated  samples  show 
the  strong  dependence  of  critical  current  from  value  of  applied  magnetic  field  (Fig.3-4). 
In  this  field  of  external  magnetic  fields  at  some  samples  the  so  called  "peak  -  effect"  is 
observed  and  in  irradiation  process  the  value  of  "peak  -  effect"  for  Bi-wires  and  tapes 
varies:  so  at  tape  Tape  11-2212  it  appears  as  a  result  of  electron  irradiation,  while  at  tape 
Tape  11-2223  it  thus  disappears. 

In  granulated  samples  such  as  Ba-Sr-Ca-Cu-0  the  transport  current  is 
determined  by  intergrane  and  ihtragrane  currents,  which  depend  as  from  properties  of 
grain,  as  from  intergrane  boundary  properties.  And  main  factor  affecting  the  transport 
current  change  are  radiation-stimulated  diffusion  processes.  For  phases  Bi-  2212  and 
2223  it  is  possible  to  say  about  absence  of  considerable  changes  of  grain,  i.e.  possible 
processes  then  at  such  irradiation  dozes  happen  on  the  grain  surface  and  are  reduced  to 
intergrane  boundaries  properties  changing  and  weak  connection  transformation  as  a 
result  of  atoms  displacement  [1-5]. 

Observable  distinction  in  transport  current  behaviour  for  superconducting  wires 
and  tapes  is  directly  connected  with  intragrain  boundery  properties,  determined  by 
conditions  of  sample  synthesis  for  given  phase  structure  and  tape  manufacturing 
technology.  While  electron  irradiation  directly  on  intragrain  boundary  the  formations 
of  new  phases  are  concentrated,  as  well  as  changing  of  weak  connection  happens,  that 
improves  connection  between  superconducting  grains.  At  the  same  time  for  wires  and 
tape  decrease  of  transport  current  is  observed,  where  the  main  role  already  is  played  by 
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Fig.  3.  Dependence  of  critical  current  for  Tape  n  2223 
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Fig.4.  Dependence  of  critical  current  for  Tape  n  2212 
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chemical  structure  changes  on  intragrain  boundary  because  of  diffusion  processes  from 
grain  volumes  ,  localization  of  impurities  there  and  formation  of  no-superconducting 
amorphous  intragrain  interlayer.  The  adduced  results  testify  about  considerable  role 
of  oxygen  radiation-stimulated  diffusion  in  HTSC-materials,  at  least  in  near-surface 
area  of  their  grains,  as  well  as  about  various  nature  of  fast  electrons  interaction  with  Bi- 
and  Y-ceramics. 
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INFLUENCE  OF  ELECTRON  IRRADIATION  ON  CURRENT 
DISTRIBUTION  PROCESS  IN  GRANULATED  fflGH- 
TEMPERATURE  SUPERCONDUCTING  REAL  WIRES  AND  TAPES. 

Davlatjan  T.A.,  Kalashnikov  V.V.,  Kruglov  V.S.,  Tokarev  A.S. 

Institute  of  Superconductivity  and  Solid  State  Physics,  RRC  "Kurchatov  Institute", 
Kurchatov  sq.,  Moscow,  123182,  Russia 

It  is  known,  that  electron  irradiation  by  small  dozes  of  granulated  samples 
BiSrCaCuO,  do  not  result  in  appreciable  changes  of  superconducting  properties  directly 
of  grain  as  a  result  of  radiation  damages,  changes  the  condition  of  intergranulated 
contact  in  studied  samples.  It  is  shown,  that  if  at  thermomechanical  stresses  the 
resistance  of  intergranular  contact  grows,  fast  electron  irradiation  causes  as  increasing 
and  reduction  of  this  resistance. 

The  behaviour  of  real  wires  and  tapes  on  the  basis  of  high-temperature 
superconductors  BiSrCaCuO  current  characteristics  is  in  general  determined  by 
granular  macrostructure  and  intragrain  connections  in  these  superconductors.  In  the 
same  time  the  nature  of  intragrain  connections  depends  on  technological  sample 
history,  different  external  effects  and  constructive  features  of  wire.  The  voltage-current 
characteristics  of  such  wires  and  tapes  has  some  peculiarities  (Fig.l).  Among  them  it  is 
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Fig.l.  Voltage-current  characteristics  of  samp.  Tape-I(2223)  before  the  electron 
irradiation  at  the  different  external  magnetic  field  at  the  different  orientation 

possible  to  note  the  availability  in  beginning  of  voltage-current  characteristics  of 
"primary  resisting  dependency"  of  electric  field  intensity  from  current  value,  passing 
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through  sample  and  is  connected  with  (analogous  to  multifilamentary  cables  on  the 
NbTi  base)  current  transfer  process. 

The  external  magnetic  field  besides  it  results  in  reduction  of  critical  current  and 
voltage-current  characteristics  displacement  into  the  side  of  lower  currents  in  the 
sample,  it  also  influence  on  the  sample  resistivity.  The  change  of  current  transfer  nature 
can  testify  about  strong  change  of  current  ways  between  grains  as  a  result  of  mutual 
orientations  of  external  magnetic  fields  changes,  current  in  sample  and  directly  sample, 
possessing  definite  geometry.  And  it  permits  to  say  about  unhomogeneity  of  intragrain 
layers  properties. 

At  thermocycle  temperature  no-stabilised  samples  from  high-temperature 
superconducting  wires  and  tapes  the  change  of  primary  voltage-current  characteristics 
resistivity,  connected  with  arising  thermomechanical  stresses  is  observed.  These  stresses 
as  a  result  worsen  intragrain  contacts,  change  the  conditions  of  current  transfer  between 
grains  and  leads  to  increasing  of  primary  resistivity  on  voltage-current  characteristics 
(Fig. 2).  Temperature  annealing  of  samples  results  in  these  stresses  relaxation  and,  as  a 
result,  -  in  partial  or  total  restoration  of  intragrain  contacts,  that  as  a  result  improves  by 
this  superconducting  grain  connections  in  the  sample  and  reduces  this  resistivity. 


Sample  current,  A 

Fig.  2.  Voltage-current  characteristics  after  thermocycle  and  annealing 


Small  dozes  electron  irradiation  of  granulated  samples  BiSrCaCuO,  doing  not 
result  in  appreciable  changes  of  grain  superconducting  properties  as  a  result  of 
radiation  damages,  changes  the  condition  of  intragrain  contact.  If  at  thermomechanical 
stresses  the  resistance  of  intragrain  contact  grows,  the  fast  electrons  irradiation  can 
change  the  nature  of  current  transfer,  leading  as  to  increase,  as  to  reduction  of 
intragrain  contact  resistance.  So  for  wires  the  reduction  of  primary  resistivity  after  some 
definite  irradiation  doze  (Fig.3)  is  observed.  Further  irradiation  results  in  subsequent 
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increase  of  this  resistivity.  In  the  same  time  for  tapes  the  reduction  is  characteristic 
already  after  first  irradiation  dozes  and  then  practically  does  not  change  (Fig.4). 

The  analysis  of  results  at  different  orientation  of  sample  and  current  direction  in 
it  concerning  to  direction  of  external  magnetic  field,  has  shown,  that  the  changes  of 
current  transfer  condition  are  connected  with  non-uniform  changes  of  grain  surface 
properties,  for  example,  while  electron  irradiation,  as  well  as  at  intragrain  connection 
deterioration  is  observed  the  increasing  of  primary  voltage-current  characteristics 
resistivity  in  current  transfer  process.  Subsequent  temperature  annealing  results  in 
restoration  of  these  connections  and  resistivity  reduction.  This  resistivity  has 
unmonotonous  dependency  from  external  magnetic  field.  The  current  transfer  process 
at  different  temperatures  passes  in  different  planes. 

Thus  the  received  results  permit  to  say  about  complicated  processes,  passing  on 
intragrain  border  or  in  near-surface  grain  layer  and  resulting  in  anisotropic  changing  of 
their  properties.  For  real  wires  and  tapes  on  the  base  of  granule  HTSC  voltage-current 
characteristics  primary  resistivity  may  be  the  main  characteristic  of  current  transfer 
process  in  such  samples,  as  far  as  it  directly  connected  with  intragrain  borders 
condition. 
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Mass-transport  in  W-Cu  system  under  high  energy  electron  irradiation. 
G.G.Bondarenko  ,  A.N.Tikhonov ,  Yu.  V.Shlenov ,  M.M.Yakunkin 
Moscow  State  Institute  of  Electronics  and  Mathematics 
Bolshoy  Vuzovskiy  per.,  3/12,  Moscow,  109028,  Russia 


Abstract 

The  research  of  the  mass-transport  effect  was  conducted  for  the  system 
“W-Cu”,  the  components  of  which  were  non-dissolved  both  in  the  solid  and 
in  the  liquid  conditions.  It  has  been  shown  that  under  the  electron 
irradiation  the  mutual  solution  copper  and  tungsten  took  place  on  the 
passing  zone  and  reaches  30%  for  both  tungsten  and  copper.  The  depth  of 
the  mutual  penetration  was  8-10  mm.  The  possible  mechanisms  of  this 
effect  are  dissussed. 

One  of  the  interest  problems  of  mass-transport  theory  in  the  solids  is 
connected  with  the  explanation  of  the  anomal  atom's  mobility  under  the 
action  of  the  electron  beams  with  the  energy  E>1  MeV. 

Therefore  it's  assumed  the  effect  can  lead  to  the  rise  of  new-technologies, 
which  are  the  alternative  one's  based  on  using  high  energy  ion  beams.  By 
analogy  to  the  ion  alloying  [1]  the  effect  of  the  electron  stimulated  mass- 
transport  was  called  "electron  alloying". 

Till  the  present  time  the  electron  alloying's  research  was  carried  out  for 
the  systems,  which  had  the  mutual  solubility  of  the  components.  Therefore 
it  was  a  problem  to  explain  this  effect:  it  was  either  connected  with 
unknown  mechanism  of  mass-transport,  or  it  was  the  classic  thermo-active 
process  with  great  defect's  numbers  created  by  the  irradiation.  That's  why 
in  our  experiment  the  effect  was  researched  in  the  W-Cu  system,  the 
components  of  which  were  nonsolubility  between  themselves  in  the  solid 
and  liquid  state. 

The  specimens  were  produced  by  means  of  the  diffusion  welding.  They 
consisted  of  the  copper  layer  of  5  mm  thickness  and  plaquer  tungsten  layer 
of  0,1  mm  thickness.  The  specimens  were  in  the  special  plant,  which 
provided  constant  specimens  temperature  by  297  K. 

The  accelerator  "UELV-10-10"  with  the  exit  electron  beam  power  till 
10  kW  was  used  for  irradiation. 

The  irradiation  was  performed  in  the  vacuum  through  the  tungsten 
layer  with  the  following  conditions: 
electron  energy  - 10  MeV; 

current  density  -  from  1  pA/cm^  up  to  15  pA/cm^; 
total  dose  of  irradiation  -  (1.2-17. 1)-10'’  e/cm^; 
duration  of  irradiation  -  5  hours; 

specific  power  of  the  electron  beam  was  not  more  than  50  W/cm^. 

Then  both  the  etalon  and  irradiational  specimens  were  cut  by  means  of 
the  electrodischarge  machine  and  the  metallografic  polishes  were  used.  The 
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concentration  alteration  of  elements  in  the  transitional  zone  before  and 
after  irradiation  was  defined  by  the  EMA  method  on  the  microanalisator 
"Camebax".  At  first  the  quality  estimation  was  carried  out  with  the  record 
of  the  intensivity  of  X-rays'  radiation  change  (fig.l).  Precise  concentrational 
alterations  of  elements  were  calculated  by  means  of  the  program  for 
research  of  the  concentration  profile  in  the  transitional  zone  (fig.2). 

The  quality  research  of  the  W-distribution  in  the  contact  zone  W-Cu 
after  welding  showed  the  absence  of  solubility  on  the  interphase  in  the 
etalon  specimen.  But  the  mutual  diffusion  of  the  components  was 
observed  after  the  irradiation  (fig.l).  The  depth  of  the  penetration  increased 
with  the  irradiation  dose  increasing.  The  quantitative  determination  of 
copper  and  tungsten  concentration  profiles  in  the  transitional  zone  showed 
that  the  great  mutual  solibility  (up  to  30  percent)  copper  and  tungsten 
was  observed  on  the  interphase. 


Fig.l.  Contact  zone  W-Cu 
after  the  irradiation, 
(the  view  of  the  con¬ 
centration  curves). 


Fig.2.  Concentration  of  copper  in  the 
Cu-W  system  before  (curve  Nl) 
and  after  (curves  2,3,4)  irra¬ 
diation. 

2-  l,2-10i7e/cm2 

3  -  lO-lO”  e/cm2 

4  -  17,M0'2  e/cm2 
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The  effect  of  the  saturation,  when  the  view  of  the  concentration  curses 
was  not  depend  of  fluence  was  observed  at  dose  lO'^  e/cm^.  The 
penetration  deep  of  components  was  rised  up  to  15  pm  . 

The  observed  effect  is  phenomenal  one's  because  it's  imposible  to  get 
the  alloys  of  such  composition  by  means  of  only  famous  ways.  As  the 
metals  are  nonsolubility  in  each  other  not  only  in  solid  but  in  liquid  state 
it's  unlikely  that  the  heating  of  the  contact  border  by  means  of  the 
exchange  of  energy  between  the  bombarded  electrons  can  lead  to  the 
visible  increasing  electron's  mobility  in  the  diffussion  zone.The  other 
possible  mechanism  of  the  "gigantic  electron  stimulated  diffussion"  is 
connected  with  the  exiton  "softening"  spacing  near  the  defect.  But  it 
didn't  find  the  wide  discussion  in  scientific  literature. 

Let's  examine  the  way  according  which  the  masstransport  in  the  system  is 
controlled  by  the  defect  formation  on  the  interphase  of  diffusion 
components.  For  that  it's  necessary  to  propose  the  existence  of  only  a  small 
mutual  solubility  of  the  components.  The  value  of  the  interstitials 
migration  in  the  crystal  is  higher  versus  the  vacancies  one,  and  the 
significant  number  of  the  intersttial  atoms  escape  to  sinks  in  the  diffusion 
zone.  These  sinks  are  dislocasions,  dislocation  loops,  micropores  in  the 
diffussion  zone.  We  can  propose  that  the  interstitial  atoms  don't  take  part 
in  the  diffussion  mass  transport.  If  to  believe  that  the  atoms  in  the  crystal 
are  moving  on  vacancy  mechanism,  then  the  diffusion  process  depends  on 
the  vacancy  existence  and  their  mobility. 

Then  the  diffussion  coefficient  will  be 
D=Dterm+Dp ,  where 

Dp  -  coefficient  of  the  radiation  stimulated  diffusion; 

Dp  can  be  express  over  the  diffusion  coefficient  of  vacancies  Dv  and  their 
superequilibrium  concentration  C^'p  is  created  by  irradiation  in  the 
transitional  layer. 

Dp  =  C^p  Dv=(An/N)  Dv,  where 

An  -  supersaturated  numbers  of  the  vacancies  created  by  irradiation; 

N  -  numbers  of  atoms  in  the  unit  of  the  volume. 

If  the  speed  of  vacancy  formation  on  the  interphase  W-  Cu  is  constant,  then 
Dp  must  be: 

Dp  =  C)CTdvDvTv  ,  where 

Tv  -  duration  of  the  vacancy  life; 

<t>  -  the  electron  flux; 

Od  -  the  cross  section  of  the  displacement  of  atoms  under  electron 
irradiation; 

v  -  the  cascade  function; 

The  experimental  and  theoretical  results  are  in  bad  agreement. 
Theoretical  values  are  much  decreased  in  spite  of  Dv=  lO'^  cmVs  was 
extremally  large  in  ouw  theoretical  estimate.  The  cause  of  it  is  either 
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nonsufficient  basis  ground  of  the  simplified  suppositions  (for  example, 
about  the  constant  rate  of  the  vacancy  generation  by  the  radiation)  or  the 
existence  other  mechanism  of  mass  transport  in  this  system. 

It  is  unlikely  too  that  the  energy  of  electron  beam  is  sufficiently  for  the 
formation  of  local  melting  regions  in  crystal.  Such  regions  are  connected 
with  the  exitement  their  effective  temperature  and  can  arise  in  solid  under 
the  more  heavy  particle  irradiation. 

Thus  the  fenomena  of  electron-stimulated  mass-transport  not  the 
simple  explanation  in  the  flames  of  the  real  notius  about  the  interaction 
between  the  relativistic  electron  beam  with  solids  and  classic  explanation  of 
the  diffusion  process. 

Therefore  it's  possible  to  propose  the  existence  of  the  unknown 
mechanism  of  the  mass-transport. 
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Introduction 

Ion  irradiation  of  carbon  fibers  with  the  prupose  of  directed  modification  of  their 
properties  -  perspective  area  as  scientific  researches  and  practical  application.  Irradiation 
of  fibers  by  ions  of  non-metals  (carbon,  nitrogen  and  oxygen)  and  metals  can  change 
surface  and  chemical  structure  of  fibre  (especially  after  the  implantation  in  a  fibre  of  ions 
of  metals).  It  turn  let  us  to  hope,  that  by  means  of  ion  irradiation  it  is  possible  to  change 
physico-chemical  properties  of  carbon  fibers  and  probably  even  to  design  with  the  help  of 
a  method  of  ion  irradiation  the  composite  materials. 

In  the  present  research  results  of  experimental  researches  of  physico-chemical  and 
mechanical  properties  of  a  carbon  fiber,  subjected  to  the  irradiation  by  ions  of  carbon  and 
nitrogen  by  energy  30  keV  are  brought. 

Experimental 

Carbon  fibers  produced  from  polyacrylonitrile  (PAN)  precursor  were  used  in  our 
experiments. 

Carbon  fiber  were  irradiated  by  carbon  and  nitrogen  pulse  ion  beams  (energy  -  30 
keV,  current  densities  per  pulse  -  3  -  9  ‘"'^/cm^ ,  pulse  length  ~  1ms;  the  ion  source  shows 
stable  operation  with  pulse  repetition  rate  of  up  to  50  s'*). 

To  estimate  the  structural  parameter  of  the  investigated  carbon  fibers  (doo2  -  the 
distance  between  planes  of  the  crystalline  lattice)  X-ray  diffraction  was  used. 

Research  of  strength  of  a  carbon  fibre  was  conducted  on  a  filament  fibre  (the 
length  - 10  mm).  Diameter  of  the  filament  fibre  was  measured  in  three  different  points  with 
the  help  of  optical  microscope.  For  the  speamens  subjected  to  one  kind  of  the  irradiation 
was  carried  out  25  -  30  measurements  of  filament  fibre. 

The  measurement  of  size  contact  angle  of  wetting  is  an  important  method  of 
research  of  processes  of  interaction  on  border  of  a  surface  solid  -  liquid. 
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The  small  sizes  of  a  drop  and  the 
insignificant  extent  of  perimeter  of  wetting 
provides  an  opportunity  of  a  fast  establishment 
of  balance  after  drawing  of  a  drop  on  a  sting  and 
simultaneously  reduce  to  the  minimum  gisteresis 
phenomenon  of  wetting.  Besides  it  is  in  this  case 
possible  to  give  up  the  gravitational  forces  and 
therefore  to  simplify  the  settlement  formulas. 
Carbon  fibre  by  diameter  4-7  microns  fixed  in  a 
special  framework.  On  fibre  we  are  putting  5-7 
drops  of  a  liquid  (gliserin  or  olein  acid). 

After  that  the  framework  is  located  under  lense  of  the  optical  microscope  and  the 
drops  of  a  liquid  on  a  fibre  are  photographed.  We  have  measured  the  following  parameters 
of  a  drop  in  any  scale  on  a  projection  of  the  image  (Fig.l):  a  diameter  of  a  carbon  fibre 
2ro,  ecvatorial  diameter  of  a  drop  2rm  and  distance  2z  between  points  meridial  curve,  in 
which  the  width  of  a  drop  makes  half  of  its  diameter.  After  that  we  have  calculated 
meanings  of  parameters,  Xn,=rm/ro  and  ym=z/rn,  on  which  with  the  help  of  the  special  tables 
found  size  contact  angle  of  wetting  or  the  meaning  contact  angle  of  wetting. 

Results  and  Discussion 
Tonography  of  the  Surface  of  Carbon  Fibre 

The  changing  topography  of  carbon  fibre  surface  are  taking  place  after 
implantation  of  ions  of  the  carbon  and  nitrogen  10‘*cm‘^.  The  longitudinal  lines  and  hollow 
appear  on  the  surface  of  the  fibre.  The  surface  become  ribbed  and  this  ribs  are  situated 
along  the  axis  of  the  fibre.  The  roughness  of  the  surface  fibre  is  increasing  and  the  middle 
height  of  this  roughness  is  0,05  -  0,15  ^m. 

During  the  growth  of  doze  of  to  1  •  10 '^cm'^  the  topography  of  the  surface  of 
carbon  fibre  doesn’t  change  in  practice.  On  the  other  hand  after  implantation  of  N*  the 
roughness  of  the  surface  of  the  fibre  are  changing  seldomly  and  on  some  samples  of  the 
fibre  it  reaches  0,4  -  0,5  pim.  Such  type  of  the  roughness  which  is  forming  on  the  surface 
of  the  carbon  fibre  after  implantation  is  connected  with  irradiated  ions  in  the  near-surface 
layer  of  the  fibre  and  with  the  ability  of  chemical  interraction  of  nitrogen  with  carbon 
which  can  bring  us  to  the  creation  of  different  chemical  phase. 

The  structure  and  strength  of  the  carbon  fibre 

As  a  result  of  the  irradiation  by  the  carbon  ions  with  growth  of  the  ion’s  doze  there 
is  some  increase  of  the  meaning  of  inner  surface  length  which  is  doo2  =  0,348nm  (the 
nonirradiate  carbon  fibre  doo2=0,342nm).  The  afterwards  increasing  of  dose  of  the 
irradiated  ions  don’t  has  a  real  influence  on  the  magnitude  of  the  doo2.  (Fig.2).  After  the 
irradiation  by  the  nitrogen  ions  the  magnitude  doo2  (with  dose  2*  lO’®  bT cm'^)  achieves  the 
maximum  meaning,  which  is  doo2=0,351nm. 
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Increasing  of  doze  of  ions  to 
l*10*^cm'^  don’t  bring  the  real  changing  of 
the  researching  parameter.  The  strength  of 
fibre  don’t  touched  by  the  ion  irradiation  is 
1800  MPa.  After  the  irradiation  into  the 
carbon  fibre  of  ions  of  carbon  (lO'^'cm'^)  it’s 
tensile  strength  increase  on  10%  and  it  is 
1970  MPa.  (Fig.3.)  With  growth  of  the  doze 
of  irradiated  ions  to  the  lO'^cm'^  the  strength 
of  the  fibre  decreasing  to  the  18%  and 
achieves  it’s  minimum  value  1650  Mpa.  The 
rest  of  the  increasing  of  doze  of  the  irradiated 
ions  bring  us  to  the  increasing  of  the  strength 
of  fibre  the  2400  Mpa  with  1  •  lO'W^.  It  is 
known,  that  tensile  strength  depends  very 
much  from  the  design  of  the  structure  of  the 
carbon  fibre. 

The  growth  strength  of  the 
carbon  fibre.  The  growth  of 
strength  of  the  carbon  fibre  in  the 
interval  of  the  dozes  of  the 
irradiated  ions  (C^,  hT,  10*^- 
10’*cm'^)  can  be  understand  as  the 
increasing  doo2-  The  analogue 
results  was  received  in  the  work 
[1]  during  the  research  of  the 
influence  of  the  neutron  irradiation 
on  the  mechanical  properteis  of  the 
carbon  fibre.  Now  we  don’t  have 
clear  understanding  of  this 
phenomenon  and  need  deeper 
research. 

Wetting  of  irradiated  carbon  fibre 

The  research  of  the  influence  of  ion  irradiation  of  carbon  and  nitrogen  on  the 
magnitude  of  contact  angle  of  the  surface  fibre  was  conducted  with  the  help  of  organic 
liquids  -  glitserin  and  olein  acid.  It  was  find  out  that  the  growth  of  doze  of  the  irradiated 
ions  has  nonunique  influence  on  the  magnitude  of  the  contact  angle.  (Fig.4.)  With  the 
minimum  doze  of  the  irradiated  ions  lO'^cm  the  magnitude  of  the  contact  ^angle  of 
wetting  is  increasing  (from  37**  to  40**  for  the  olein  acid  and  from  30  to  60  for  the 
glitserin).  With  the  increasing  of  the  doze  of  the  irradiated  ions  the  contact  angle  of 
wetting  is  decreasing  for  the  both  types  of  liquids  and  reach  it’s  minimum  value  with  the 
ion  doze  -  10**cm'^.  During  the  rest  of  the  increasing  of  the  doze  of  the  irradiated  ions  to 


Fig  ,  2.  Influense  of  ion  irradiation  on  doo2  -  para¬ 
meter. 
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the  10 the  magnitude  of  the  contact  angle  of  wetting  is  increasing  and  reaches  the 
magnitude  44°  (for  the  glitserin)  and  42°  (for  the  olein  acid). 

Changing  of  the  contact 
angle  of  the  surface  fibre  (after 
irradiation  by  N*)  have  the 
analogue  character.  Also 
thinking  about  the  fact  that  the 
surface  tension  of  the  glitserin 
and  olein  acid  are 
distinguished  at  least  2  times 
and  draw  up  63  '^/m^  and  32,5 
'^Vm^  and  the  magnitude  of 
contact  angles  of  wetting  in 
dependition  of  the  implantation 
dozes  is  very  close  to  each 
other.  We  can  make  a 
conclusion  that  the  magnitude 
of  the  contact  angles  depends 
of  the  topography  of  surface 
fibre,  of  the  near-surface  layer 
fibre  and  of  the  “activity”  of 
the  surface  of  the  irradiated 
carbon  fibre. 

With  the  increasing  of  the  doze  of  irradiated  ions  the  extent  of  the  influence  each 
of  these  three  facts  is  dififerent  and  that’s  why  the  dependence  of  the  contact  angle  of 
wetting  of  doze  has  difficult  nature. 


Conclusions 

1.  It  was  settled  that  after  irradiation  of  carbon  fibre  by  the  carbon  and  nitrogen 
ions  (10*’  -  10**  cm"’)  there  comes  the  change  of  topography  of  it’s  surface. 

2.  With  the  doze  of  carbon  ions  10*°cm'’  there  come  about  at  the  same  time  the 
decreasing  of  the  carbon  strength  and  of  magnitude  of  the  contact  angle  of 
wetting. 

Finansial  support  of  this  research  was  provided  by  Los-Alamos  National 
Laboratory  (contract  N  1629Q0014-35). 
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Abstract 

Matal  surface  characterization  by  irradiation  of  an  intense  pulsed  ion 
beam  (IPIB)  with  power  density  of  SdMW/cm^  and  pulse  width  of  30ns  has 
been  studied  experimentally.  The  IPIB  irradiation  leads  to  the  nanostruc- 
tured  phase  on  the  titanium  surface.  The  IPIB  irradiation  to  Ni65Cri5Pi6B4 
alloy  results  in  amorphous  structure  on  the  surface  within  0.66/im  in  depth. 

The  cooling  rate  is  calculated  to  be  2x10^  °C/s  which  is  sufficiently  larger 
than  the  critical  cooling  rate  for  amorphous  formation  of  nickel  alloys. 


Introduction 

Recently,  intense  pulse  ion  beams  (IPIBs)  with  a  high  power  density  (^GW/cm^)  and 
a  short  pulse  duration  (~10ns)  have  attracted  as  a  new  heat-source  instead  of  a  laser  in 
a  material  development  field.  Since  ion  ranges  are  extremely  shorter  than  electron  ones, 
the  beam  energy  is  deposited  to  a  surface  layer,  typically,  within  a  few  pm.  As  a  result, 
a  target  surface  is  heated  above  melting  point  in  a  short  time  of  several  nanosecond,  and 
is  immediately  followed  by  rapid  cooling.  Solidification  of  metals  at  the  rapid  cooling 
rate  results  in  production  of  non-equilibrium  microstructures  such  as  amorphous  and/or 
nanocrystalline  phases^’^^.  In  this  paper,  the  formation  of  an  amorphous  layer  on  the 
Ni65Cri5Pi6B4  alloy  and  the  production  of  nanocrystalline  phase  on  a  titanium  surface 
are  successfully  demonstrated. 

Experimental  Setup 

Figure  1  shows  a  schematic  drawing  of 
experimental  setup.  An  IPIB  was  generated 
by  an  inverse  pinch  ion  diode  (IPD)^’®^  with 
the  pulsed  power  generator  “HARIMA-II” 

(400kV,  30  and  50ns)  at  Himeji  Institute 
of  Technology.  The  IPD  consisted  with 
a  ring  anode  (diameter:50mm)  and  an  an¬ 
nular  cathode  (diameter:16mm).  A  Teflon 
plate  (thickness:2mm)  was  attached  to  the 
anode  surface  as  an  ion  source.  The  anode- 
cathode  gap  length  was  3mm.  A  target  ma¬ 
terial  for  IPIB  irradiation  was  located  at  the 
focal  point  120mm  from  anode. 


Fig.  1  Experimental  setup  of  an  inverse 
pinch  ion  diode  and  a  target. 
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The  maximum  diode  voltage  and  pulse 
width  were  180kV  and  30ns,  respectively.  The 
typical  diameter  and  current  density  of  the 
IPIB  were  30mm  and  180A/cm^  at  the  focal 
point,  respectively.  Figure  2  shows  the  time 
evolution  of  beam  power  density  obtained  from 
the  results  of  diode  voltage  and  current  den¬ 
sity.  The  power  density  is  not  constant  in 
time  and  has  the  largest  value  of  37MW/cm^. 
The  total  beam  energy  is  estimated  to  be 
1.02J/cm^  by  integrating  the  power  density 
with  respect  to  time.  We  assume  the  ideal 


Time  (25ns/div) 

Fig.  2  The  time  evolution  of  beam 
power  density. 


rectangular  beam  with  the  same  total  beam  energy  as  1.02J/cm^  estimated  above.  Sup¬ 
posing  that  the  pulse  duration  equals  to  the  FWHM  value  of  30ns  in  Fig. 2,  we  obtain 
the  uniform  power  density  of  34MW/cm^.  The  dominant  ion  spices  were  found  to  be 
the  carbon  (53%)  and  the  fluorine  (47%)  using  the  Thomson-parabola  ion  spectrometer. 


Surface  Characterization  by  IPIB  Irradiation 
The  IPIB  was  irradiated  to  a 
titanium  target  for  surface  mod¬ 
ification.  The  titanium  target 
was  polished  with  the  emery  pa¬ 
per  (^1000)  and  annealed  in  a 
vacuum.  The  target  was  irradi¬ 
ated  with  the  IPIB  of  5  shots  for 
the  more  uniform  irradiation.  Fig¬ 
ure  3  shows  the  X-ray  diffraction 
patterns  of  (a)  irradiated  and  (b) 
non-irradiated  titanium.  Here,  the 
incident  angle  of  X-ray  a  is  2° 
which  corresponds  to  the  maximum 
diffraction  depth  of  0.85//m  from 
the  surface.  The  X-ray  diffraction  Diffraction  amgle  26  {) 


peaks  of  IPIB-irradiated  titanium 
are  broaden  compared  with  that 


Fig.3  X-ray  diffraction  patterns  of  (a)  irradiated  and 
(b)  non-irradiated  titanium. 


of  non-irradiated  titanium.  The 


width  of  X-ray  diffraction  peaks  are  similar  to  that  of  amorphous  phase.  The  width 
B  of  X-ray  diffraction  peak  is  dependent  on  the  grain  size  d  in  Scherrer’s  formula  as 
follows^) 


d  =  0.9A/B  cos  Ob, 


(1) 


where  A  is  the  wavelength  of  X-ray  and  63  is  Bragg  angle.  Substituting  the  present 
conditions  in  Fig.  3  to  eq.(l),  the  grain  size  of  non-irradiated  titanium  was  calculated  to 
be  approximately  32nm.  On  the  other  hand,  the  grain  size  of  IPIB-irradiated  titanium 
was  calculated  to  be  approximately  llnm.  These  results  demonstrate  the  formation  of 
nanostructured  titanium  surface  by  IPIB  irradiation. 
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Next,  the  IPIB  was  irradiated  to  a  Ni65Cri5Pi6B4  alloy  for  an  amorphous  layer  for¬ 
mation.  ’  Figure  4  shows  a  HR-TEM  micrograph  and  the  corresponding  selected  area 
diffraction  pattern  of  the  IPIB-irradiated  Ni65Cri5Pi6B4  alloy.  Randomly  oriented  lat¬ 
tice  fringes  as  well  as  a  halo  diffraction  pattern  are  observed  in  the  entire  field  of  the 
micrograph  except  in  some  small  area.  These  results  indicate  the  formation  of  a  homo¬ 
geneous  amorphous  layer  by  IPIB  irradiation. 


Fig. 4  HR-TEM  micrograph  and  selected  area  diffraction  of 
IPIB-irradiated  Ni65Cri5Pi6B4  alloy. 


Time  Evolution  of  Target  Temperature 

The  time  evolution  of  surface  temperature  and  the  cooling  rate  are  estimated  from 
the  solution  of  the  differential  equation  for  heat  conduction  under  the  present  conditions. 
Assuming  an  ideal  rectangular  beam  with  constant  power  p  and  pulse  duration  r,  the 
temperature  rise  of  the  target  surface  is  written  as 


and 


2j5  _ 

T{z,t)  = 


z 

2y/  Kt 


for  0  <  f  <  T 


(2) 


T(z,0  = 


2py/K 

K 


y/ 1  ierfc 


2y/  Kt 


—  y/t  —  T  ierfc 


2y/n{t-T)_ 


for  t  >  T, 


(3) 


where  ierfca:  =  -  xerfcx ,  erfcx  -  lo  ^  ^  dy,  k  is  the  thermal  diffusion  rate, 

K  is  the  thermaf  conductivity,  z  is  depth  from  the  surface  and  the  radiation  loss  from 
the  surface  is  ignored. 

Substituting  the  present  parameters  (p=34MW/cm^  and  T=30ns)  into  eqs.(2)  and 
(3),  we  obtain  the  time  evolution  of  temperature  rise  on  titanium  surface  as  shown  in 
Fig.  5,  where  the  effect  of  the  latent  heat  for  fusion  and  vaporization  are  considered. 
The  titanium  surface  of  z=0~4/iin  is  heated  up  to  its  melting  point  of  1,660  C  in  a  very 
short  time  of  several  nanosecond,  and  is  immediately  followed  by  rapid  cooling.  The 
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cooling  rate  from  the  melting  point  to  the  phase  transition  point  (880°C)  is  found  to  be 
dT/dt  =  1x10®  °C/s.  This  rapid  cooling  causes  to  production  of  the  nanostructured 
phase  on  the  titanium  surface. 

By  similar  procedure  mentioned  above,  the  cooling  rate  of  nickel  after  IPIB  irradiation 
is  estimated.  The  cooling  rate  from  the  melting  point  (1,453°C  for  nickel)  to  the  glass 
transition  point  (417°C  for  the  Ni65Cri5Pi6B4  alloy)  is  found  to  be  dT/dt=2x  10®  °C/s. 
The  estimated  cooling  rate  is  larger  than  the  critical  cooling  rate  (10^  ~10®  °C/s)  for 
amorphous  layer  formation  of  nickel  alloys. 


Fig.5  Temperature  rise  of  the  titanium  surface  for  IPIB  irradiation 
of  34  MW/cm^  and  30  ns. 


Conclusion 

A  mixed  carbon  and  fluorine  IPIB  with  the  power  density  of  34  MW/cm^  and  the 
pulse  width  of  30  ns  was  irradiated  to  the  target  materials.  The  IPIB  leads  to  the 
nanostructured  phase  on  the  titanium  surface.  The  IPIB  irradiation  heats  the  titanium 
surface  up  to  its  boiling  point  of  3,287  °C.  The  cooling  rate  from  the  its  melting  point 
to  the  phase  transition  point  is  calculated  to  be  1x10®  °C/s.  The  IPIB  irradiation  to 
Ni65Cri5Pi6B4  alloy  results  in  amorphous  structure  on  the  surface  within  0.66  fim  in 
depth.  The  cooling  rate  from  the  melting  point  to  the  glass  transition  point  is  estimated 
to  be  2x  10®  °C/s,  which  is  sufficiently  larger  than  the  critical  cooling  rate  for  amorphous 
formation  of  nickel  alloys. 
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Abstract 

Ion  beam  treatment  of  polymer  materials  leads  to  sharp  change  of  surface  structure. 
Therefore,  exploitation  characteristics  of  polymers  are  changed  including  a  good  adhesion 
ability  to  dispersed  metals  and  active  adhesives.  In  this  work  the  results  of  adhesion 
characteristic  study  of  polyethylene  (PE)  and  polytetrafluorethylene  (PTFE)  after  ion  beam 
treatment  have  been  presented. 

Polymers  were  treated  by  nitrogen  ion  beam  with  energy  of  30  keV  and  pulse  current 
density  of  5  mA/cm^.  After  treatment  changes  of  surface  energy  and  chemical  activity  of 
polymer  surface  were  observed.  At  low  treatment  dose  a  sharp  change  of  interface  structure  in 
adhesion  joint  with  epoxy  and  polyurethane  adhesives  was  observed.  United  polymer  network 
on  boundary  between  treated  polymer  and  adhesive  occurred.  Adhesion  joint  durability 
increased  by  two  orders  in  joints  of  PE  and  by  15  times  in  joints  of  PTFE.  Modified  polymers 
retain  their  adhesion  abilities  at  ageing  and  cleaning  with  using  of  solvents. 

Low  optimum  dose  for  achievement  of  maximal  adhesion  and  high  current  density  at 
pulse  regime  of  treatment  permit  to  propose  a  new  technological  method  of  surface 
modification  of  inert  polymers. 


(The  full  text  will  be  published  elsewhere.) 
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Abstract 

Appearance  of  new  exploitation  properties  of  polymers  after  ion  beam  treatment  is 
connected  with  changes  of  structure,  which  take  place  in  surface  layer  under  the  action  of  ion 
beam.  This  changes  is  connected  with  high  dissipated  energy  of  moving  ion  in  polymer 
surface  layer  in  comparison  with  binding  energy  and  ionizing  potential  of  atoms.  Therefore, 
a  study  of  influence  of  high  current  density  of  ion  beam  on  changes  of  structure  is  interesting 
for  modification  of  surface  layer  of  polymer.  High  density  of  dissipated  energy  in  thin  surface 
layer  limits  a  current  density  due  to  a  low  thermoconductivity  and  thermostability  of 
polymers.  The  pulse  regime  of  treatment  permits  to  increase  of  current  density  to 
10-15  mA/cm^  without  heating  of  treated  polymer. 

In  this  work  the  studies  of  polyethylene,  polypropylene,  polyisoprene,  polystyrene, 
polytetrafluorethylene,  polyurethane  after  action  of  ion  beam  with  energy  of  10-30  keV  at 
1-12  mA/cm^  current  density  in  pulse  regime  are  presented.  Usage  of  spectral  methods 
(IR  ATR,  Raman,  UV-transmissions  and  reflections,  XPS),  methods  of  surface  energy 
measurement  and  other  modem  methods  is  shown  the  effectiveness  of  pulse  regime.  Influence 
of  air  oxygen  to  oxidizing  processes  in  surface  layer  of  polymer  after  ion  beam  treatment  was 
considered.  Lamellar  stmcture  model  of  surface  layer  was  proposed. 


(The  full  text  will  be  published  elsewhere.) 
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Abstract.The  questions  of  using  power  pulsed  ion  beams  for  studying  some  units  of 
model's  electronuclear  installation  are  considered  in  this  report.  It  allows  to  analyze  the 
question  of  heating  loads  on  the  targets,  entering  and  output  windows  for  beams  of  charge 
particles.  The  methods  of  increasing  a  life-time  of  these  windows  on  the  basis  thin  foils  with 
help  of  surface  modification  of  materials  by  high  current  pulsed  ion  beams  are  considered. 


INTRODUCTION 

A  new  method  of  production  of  electric  power  based  on  the  ideas  proposed  by 
C.  Rubbia  [1]  has  been  practical  interest.  In  this  case  the  questions  of  stable  work 
units  of  the  pilot  installation  for  test  of  electronuclear  method  for  production 
of  electropower  is  very  important.  The  general  scheme  of  this  installation 
includes  a  proton  accelerator,  target  unit  and  a  device  for  transformation  of  beam 
energy  to  electropower  [2].  Among  a  lots  of  the  units  the  window  for  entering  the 
beam  to  the  target  is  haughty. 

Investigations  on  using  the  pulsed  high  power  electron/ion  beam 
technologies  for  surface  modification  of  materials  [3,4]  allow  to  find  application 
for  study  of  two  questions  of  electronuclear  rector: 

1 .  heating  loads  for  different  materials  for  this  reactor; 

2.  increasing  life-time  of  window  for  proton  beam. 

The  main  questions  of  using  the  pulsed  high  current  electron/ion  beams  for  several 
units  of  the  electronuclear  installation  are  considered  in  the  this  report. 


THE  MAIN  PRINCIPLE  OF  PULSED  POWER 
ELECTRON/ION  BEAM  TECHNOLOGIES 

STUD  Y  OF  HEA  TING  LOADS  ON  THE  MA  TERIALS  OF  ELECTRONUCLEAR 
INSTALLATION 

Pulsed  electron  or  ion  beam  is  a  pulsed  energy  source.  This  energy  separates  in 
the  solid  state  at  the  during  interaction  of  beam  with  irradiated  sample.  For 
example,  for  beam  current  I  =  200  A,  pulse  length  t  =  250  ns,  kinetic  energy  E=  U  = 
500  KeV  (kV),  energy  for  one  pulse  is  W  =  I  U  t=  200  5  10(5)  250  10(-9)  =  25J.  For 
beam  current  1000  A  this  energy  is  50  J,  This  is  high  energy  for  pulse  on  the  small 
depth  penetration  determined  kinetic  energy.  This  energy  enough  for  different 
processes  in  solid  state. 
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In  the  dependence  of  beam  kind  (  electron  or  ion  )  we  can  see  special 
peculiarities,  which  consist  in  the  next. 

Electron  pulsed  beam  (  Fig.  1  a): 

-  small  size  of  electrons; 

-  small  ionization  losses; 

-  the  depth  ofpenetration  for  kinetic  energy  100  -  1000  keV 
for  many  materials  consists  of  1 0  -  500  mm; 

-  adiabatic  heating  processes  of  interaction  by  pulsed  electron  beam  with  solid 
state; 

-  electron  beam  mixing. 

Ion  pulsed  beam  (Fig.  lb): 

-  large  size  of  ions  in  comparison  with  electrons; 

-  large  ionization  losses; 

-  small  depth  of  penetration  with  comparison  with  this 
parameter  for  electron  beam,  for  example  for  kinetic  energy 
100  -  lOOOkeV  depth  of  penetration  is  about  0.05  - 1.0  mm; 

-  adiabatic  heating  processes  of  interaction  by  pulsed  ion  beam 
with  solid  state; 

-  synthesis  of  components  of  samples; 

-  ion  beam  mixing; 

-  ion  spray  of  irradiated  samples; 

-  long  distance  effects. 

The  properties  of  these  beams  allow  to  use  these  technologies  for  test  experiments 
with  materials  for  electronuclear  reactor. 

The  pulse  length  of  electron  beam  t  for  rapid  thermal  processes,  especially  for 
complex  materials,  when  necessary  have  stable  stoichoimethric  relationship  must 
satisfy  next  condition: 

t«t(p)  =  2h2pc/X,  (1) 

where;  t(p)  -  heating  constant  of  sample; 
h  -  depth  of  penetration: 

p,  c,  A,  -  density,  heat  capacity  and  heat  conductivity  of 
irradiated  materials. 

In  this  case  we  have  step  distribution  of  temperature  in  their  radiated  sample. 
The  last  means,  that  energy  release  of  electron  beam  can  be  on  the  depth 
penetration,  which  determined  kinetic  energy  of  electrons.  The  temperature  T  in  an 
irradiated  sample  on  electron  rate  depth  can  be  calculated  from  formula  : 

T  =  2Wt  /  h  pS,  (2) 

where  W-  electron  beam  power  density: 

S-  irradiated  square. 

For  pulsed  ion  beams  we  have  another  situation  and  for  calculation  of  heating  of 

sample  we  must  use  next  formula: 

T  =  2Wto-5/(3.14A.pc)o^  (3). 

More  detail  description  of  main  principles  of  beams  pulsed  technologies  can  find  in 
the  [3,4]. 
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Fig.  la.  Pulsed  electron  beam.  Fig.2.  Pulsed  ion  beam 

MODIFICATION  AND  DEPOSITION  OF  FILMS 
AND  COATINGS  ON  THE  FOILS  WINDOWS 
The  surface  modification  of  materials  consists  in  the  ion/electron  mixing,  surface 
melting  and  other  surface  effects  which  can  make  better  properties  of  these 
materials  for  its  using  for  different  units,  which  can  work  in  the  intensive  loads  and 
conditions.  Also  for  increasing  life-time  of  window's  foils  for  intense  proton  beams 
can  be  used  foils  with  special  films  and  coatings.  For  receiving  effect  of  increasing  life¬ 
time  of  foils  necessary  have  films  or  coatings  with  more  stable  heating  and  corrosion 
properties. 

The  main  problems  of  this  method  is  very  good  adhesion  films  with  substrate. 
An  electron  or  ion  mixing  in  the  ion  diode  with  explosive  ion  emission  [5]  allows  to 
decide  this  problem. 

EQUIPMENT 

The  source  consists  of  the  high  voltage  pulsed  generator,  vacuum  high  voltage  diode 
with  vacuum  system,  diagnostic  system  and  vacuum  chamber  for  irradiation  of 
samples  and  for  substrates  -  foils  for  windows  of  target  units. 

The  pulsed  high  voltage  generator  has  got  next  main  parameters: 

-voltage  100- 700  kV; 

-  pulse  duration  300  -  1000  nsec; 

-  stored  energy  100  - 500  J; 


-856- 


-repetition  1-5  Hz. 

High  volt&gc  vacuum  diode  consists  of  st3.inlcss  steel  vacuum  ch3.niDer  ,  high 
voltage  insulator  made  from  capralon,  an  anode  with  anode  plasma  initiator,  a 
extractor  electrode  and  diagnostics  devices.  Beam  current  measurements  are 
carried  out  with  an  integrating  Rogowski  transformer  and  Faraday  cup,  and 
a  high  resistance  divider  is  used  for  measurements  of  pulsed  voltage. 

The  main  emission  characteristics  of  source  for  electron  and  ion  regimes  are  given 
in  Fig.  2,3. 

The  mode  of  operation  can  be  changed  from  ion  beam  to  electron  beam. 

This  is  done  by  changing  the  polarity  of  the  voltage  on  the  output  side  of  the  pulsed 
high  voltage  generator. 


Voltage  (kV) 


•  carbon 
o  Nb-Ti 
aHTSC 


Fig.2.  Emission  characteristics  of  source  in  an  electron  regime. 


Fig.3.  Emission  characteristics  of  source  in  ion  regime. 
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This  ion  source  uses  for  deposition  of  films  or  coatings  with  ion/electron 
mixing. 


FOIL’S  WINDOWS  FOR  BEAM 

The  special  technology  for  preparation  of  output  foils  for  charge  particle  beams  was 
elaborated  on  the  basis  of  carbon  films  on  the  AJ  and  Be  foils.  It  concerns  with 
problem  of  increasing  a  life-time.  For  proton  beam  of  this  reactor  better  use  carbon 
coating  thickness  about  30-50  mkm  on  the  Be  foil  of  thickness  0.5  -  3  mm.  The 
technology  consists  of  first  deposition  of  carbon  or  diamond-like  films  or  coatings 
with  ion  mixing  on  the  Be  or  AJ  foil  from  both  sides  and  after  electron  mixing  for 
more  long  depth  of  mixing  of  C  and  substrate.  The  typical  foil's  window  is  given  in 
Fig.  4. 


Fig.4.  Typical  foil's  window  with  additional  coatings. 

Test  experiments  with  high  power  pulsed  electron  beams  show  increasing  life-time 
to  10  times  with  comparison  with  clean  Be  and  Ti  foils. 

The  measurements  of  oxidation  resistance  acids  show  stable  characteristics 
at  the  during  8  hours. 


CONCLUSION 

1 .  New  method  for  test  of  materials  of  electronuclear  reactor  is  suggested. 

2.  New  method  of  increasing  life-time  of  foil's  window  is  suggested  and  is  tested. 

3.  Surface  modification  of  materials  by  pulsed  high  current  ion/electron  beams  can 
be  used  for  preparation  of  materials  for  electronuclear  reactor  and  similar  systems. 
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PULSED  METAL-ION  BEAMS  FOR  MODIFICATIONS  OF  SOLIDS 

J.Langner,  J.Piekoszewski,  J.Stanislawski 
Soltan  Institute  for  Nuclear  Studies 
05-400  Otwock-^ierk  n.  Warsaw,  Poland. 

Introduction 

The  modification  of  surface  properties  of  materials  with  high-intensity  pulsed  ion  beams 
has  been  studied  for  over  a  decade  [  1,2  ].  The  transient  heat  generation  by  HIPIB  in  a  near 
surface  region  may  cause  variety  of  the  processes,  e.g.  crystalline  defects  annealing,  mixing, 
glazing,  quenching  etc.  [  3,4  ].  For  the  modification  of  a  material  surface  particularly 
interesting  conditions  are  created  in  a  case  when  the  transient  heat  transfer  is  connected  with 
the  mass  transport  into  a  substrate  during  the  same  pulse.  A  high  temperature  of  the  surface 
region  (  up  to  the  melting  point  and  above  )  and  the  transient  nature  of  the  heat  evolution 
create  unique  conditions  for  the  interaction  between  host  and  deposited  materials,  during 
which  various  metastable  phases  and  alloys  can  be  formed.  Such  conditions  can  be  obtained 
within  lONOTRON-type  generators  which  were  developed  at  SINS  for  the  investigations  of 
controlled  thermonuclear  fusion  [  5  ].  Intense  ion-plasma  beams  generated  by  those  facilities 
have  energy  densities  ranging  from  1  to  10  J/cm^  and  pulse  length  within  a  microsecond  range. 
These  beams  are  capable  to  melt  a  near-surface  layer  of  any  material  and  to  dope  with  doses 
of  the  order  of  10*'’  to  5x10*’  atoms/cm^. 

In  our  previous  experiments,  which  were  carried  out  in  the  80s  for  the  modifiacation  of 
various  materials,  there  were  used  only  ions  formed  from  the  working  gas  (  H2,  N2,  BF3,  Ar 
etc.)  which  was  injected  into  the  interelectrode  region.  In  recent  experiments  a  plasma  stream 
consists  partly  ions  of  thr  working  gas  and  partly  those  of  metal  ions.  In  this  case  it  is  possible 
to  introduce  any  metal  ions  (  e.g.  Al,  Ti,  Cu,  W,  Co  etc.)  into  a  thin  surface  layer  of  any 
substrate  and  to  form  the  coating  with  very  good  adhesion. 

lONOTRON-  facility  for  surface  modification 

In  lONOTRON,  schematiclly  presented  in  Fig.l,  the  ion  beam  is  formed  in  a  low- 
pressure,  high-density  plasma  discharge  initiated  between  two  concentric  cylindrical  sets  of 
rods,  allowing  a  free  passage  of  particles  through  the  electrode  region.  A  fast  electromagnetic 
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valve  introduces  a  portion  of  the  working  gas  into  the  interelectrode  region.  With  some  delay 
(t)  after  a  moment  of  the  valve  opening,  when  the  gas  density  attains  the  desired  distribution 
in  this  region,  a  voltage  from  the  charged  condenser  bank  is  applied  to  the  electrodes.  The 
parameters  of  the  power  supply  system,  the  electrode  dimensions  and  the  initial  gas  conditions 
are  selected  in  such  a  way  that  the  final  stage  of  the  discharge  is  accompanied  by  a  strong  drift 
of  electrons  along  the  electrode  rods.  A  suppression  of  the  electron  current  allows  an  effective 
acceleration  of  ions  in  the  interelctrode  radial  electric  field. 


Fig.  1  Schemes  of  the  lONOTRON  device  operating  in  different  modes(  DPE  or  FED). 


Depending  on  the  time  delay  (r)  two  operating  modes  are  possible.  In  FID  (Pulse 
Implantation  Doping)  mode,  (x)  is  long  enough  for  the  working  gas  to  fill  up  completely  the 
interelectrode  region.  Then  the  discharge  produces  a  high  intensity  (  up  to  tens  kA  )  short 
duration  (  about  1  ps  )  plasma  pulse,  containing  ions  of  the  working  gas  only. 
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Such  a  technique  has  been  used  for  the  doping  semiconductors  (  p-n,  n-p  silicon  junctions 
formation ),  for  introducing  of  high  doses  of  nitrogen  into  steels,  glazing  of  the  ceramics  etc. 

In  the  second  mode,  referred  to  as  DPE  (  Deposition  by  Pulse  Erosion  ),  delay  (t)  is 
relatively  short  and  the  working  gas  (expanding  from  the  valve)  does  not  reach  the  electrode 
ends.  Under  such  conditions  axial  electron  currents  flowing  to  the  electrode  ends  induce  the 
local  melting  and  evaporation  of  an  electrode  material  and  the  metal  ions  are  present  within  the 
plasma  stream.  In  our  recent  experiments  different  metal  (  Mo,Ti,  Al,  Cu,  Ni  )  rods  as  the 
electrode  material  were  used  .  The  effectiveness  of  DPE  process  as  well  as  the  range  of  delay 
times  (x)  in  which  the  process  is  most  effective,  depend  on  the  type  of  the  working  gas.  It  has 
been  checked  that  the  most  effective  deposition  can  be  obtained  for  argon  gas  and  there  is  no 
deposition  in  the  case  of  hydrogen  gas.  This  can  be  easily  understood  in  view  of  the  known 
fact  that  velocity  of  the  gas  molecules  propagation  in  vacuum  depends  on  the  atomic  number 
of  these  molecules,  and  in  the  case  of  hydrogen  the  working  gas  fills  the  whole  interelectrode 
space  even  at  the  shortest  delay  times  used. 

Fig.2  presents  the  mass  increment 
of  1H18N9T  stainless  steel  thin  disk 
located  at  a  distance  of  20  cm  from  ends 
of  the  electrodes,  as  a  function  of  (x)  for 
argon  and  nitrogen  at  Al  deposition. 

The  practical  limitation  of  this 
method  for  the  producing  of  metal-ion 
beams  come  out  from  the  fact  that  few 
metalhc  electrodes  are  available  in  a 
suitable  form  (  e.g.  chromium  rods  are 
not  commercially  available ). 

In  order  to  eliminate  this  limitation  and  to  extend  of  the  possibilities  of  the 
lONOTRON  generator  a  separate  metallic  pulsed  plasma  source  (  based  on  the  metal  vapour 
vacuum  arc)  was  installed  in  lONOTRON  device  ( inside  the  ring  type  fast  gas  valve  ).  The 
source  was  supplied  from  a  high-current  generator  via  a  separating  transformer.  The  arc 
current  reached  120kA  and  the  pulse  width  was  100  ps.  Depending  on  the  choice  of 
operation  conditions  in  this  combined  system  ,  it  is  possible  to  form  pulses  containing  both, 
gas  and  metal  ions. 
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Fig.2  Weight  gain  vs.  delay  time  in  DPE  process 
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Metal-ion  processing 

The  DPE  experiments  performed  so  far  have  included  the  formation  of  nickel  and 
aluminium  coatings  on  copper  (Ni/Cu  and  Al/Cu),  aluminium  coatings  on  AISI  316L  and 
1H18N9T  stainless  steels,  titanium  and  molibdenium 
coatings  on  AISI  321  stainless  steel  as  well  as  on 
ceramic  substrate.  As  it  was  shown  inPaper[6] 

(see  Fig  3),  the  atoms  of  the  deposited  material 
penetrate  the  substrate  to  a  depth  exeeding  3  pm. 

This  is  the  result  of  the  diffusive  mixing  in  the 
molten  substrate  layer.  In  term  of  the  surface 
concentrations,  the  thickness  of  the  deposited  layers 
may  exeed  10**  atoms/cm^.  Adhesion  tests  have 
revealed  extremely  strong  bonding  of  the  layers 
with  substrate. 


The  investigations  on  the  formation 
of  coatings  by  combined  metod  are  at 
the  preliminery  stage  of  development. 
First  results  on  the  deposition  and  mixing 
of  Co,  Ti,  W  and  Cr  were  presented  on 
SMMIB’95  [  7  ]  and  Intern.  Workshop 
Tomsk’ 96.  Fig.  4  show  GDS  elemental 
profile  of  the  cobalt/AISI  s/s  structure. 


Fig.  3  The  SNMS  profiles  of  Al/AISI  316L 
Structure, 


Fig.4  GDS  profile  of  Co/AISI  s/s  structure. 
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The  totality  of  new  phenomena  taking  place  on  heavy  inert  gas  (Ar,  Kr,  Xe)  ion  bombard¬ 
ment  of  metals  was  under  study  in  this  work.  Such  phenomena  are;  grains  creation  in  metals, 
their  crystallization,  melting  and  anomalous  thermal  desorption  bound  to  these.  We  suggest  that 
all  of  these  phenomena  originate  from  the  presence  of  mutually  interacting  complexes  made  of 
heavy  inert  gas  atoms  and  vacancies  in  such  metals.  A  model  of  one  of  phase  transitions  in 
irradiated  metal  layer  is  proposed. 

Crystal  grains  of  heavy  inert  gas  were  observed  during  study  of  the  interaction  of  heavy 
inert  gas  ion  (Ar^,  Kr*,  Xe*)  beams  having  energies  10-100  keV  with  single  crystals  of  metals 
[1-7],  Grains  in  a  metal  are  well  shown  in  figures  in  [1-7],  and  their  crystallinity  can  be  deduced 
from  definite  reflexes  at  microdifffaction  pattern.  Grains  with  sizes  of  about  2-4  nm  and  density 
of  2  10^*  cm’^  can  be  seen  at  room  temperature  with  the  help  of  transition  electron  microscopy 
(TEM)  and  microdiffraction  methods.  These  methods  allow  to  evaluate  parameters  of  crystal 
lattices  of  grains. 

Main  parameters  of  grains  appearing  as  depend  on  ion  beam  type  and  irradiated  metal 
parameters  were  obtained  experimentally.  It  was  mentioned  that  the  crystal  grains  with  sizes  of 
about  1-4  nm  appear  at  fluences  in  the  range  of  10**-10^’  ion  cm’^.  For  example  on  irradiation 
of  nickel  with  Kr*  ions  Kr  containing  grain  has  diameter  that  equals  2.0  nm  [8].  Grain  crystal 
structure  (fee)  is  the  same  as  that  of  metal  (Ni),  lattice  parameter  a=0.50  nm.  Melting 
temperature  of  the  grain  T=575  K. 

Crystal  structure  kind  is  fully  depends  on  that  of  irradiated  metal.  For  example  grains  of 
krypton  have  fee,  vcc  or  hdp  structures  in  different  metals  and  Kr  crystal  obtained  after  gas 
cooling  has  only  fee  structure.  It  is  worth  mention  that  lattice  parameter  of  grain  differs  from 
that  of  correspondent  noble  gas  (after  crystallization  from  liquid  phase)  considerably.  For 
example  on  irradiation  of  nickel  with  Kr*  ions  grain  appears  having  a=0.50  nm,  while  the  lattice 
parameter  of  krypton  crystal  created  from  gas  is  0.564  nm.  In  general  it  is  worth  mention  that 
lattice  parameter  of  grain  is  smaller  than  that  of  crystal  obtained  after  crystallization  from  liquid 
phase.  Moreover,  lattice  parameter  of  grain  of  heavy  inert  gas  depends  on  metal.  For  example: 
Xe  in  AJ  matrix  has  a=0.60  nm;  Xe  in  Ni  matrix  has  a=0.52  nm  [9].  Ordinary  crystals  have  only 
fixed  values  of  lattice  parameters. 

Some  authors  [3,  6,  10]  have  established  that  the  heating  of  irradiated  samples  up  to 
(600-900)  K  leads  to  vanishing  of  crystal  grain  diffraction  reflexes,  and  those  reflexes  appear 
again  on  sample  cooling.  So  crystal  grain  melting  is  observed  and  this  phase  transition  can  go  in 
opposite  direction.  Correspondent  melting  temperatures  of  grains  are  not  bound  to  that  of 
ordinary  noble  gas  crystals.  So  all  the  totality  of  experimental  data  is  a  witness  that  both 
parameters  and  behaviour  of  the  created  grains  of  heavy  inert  gas  depend  firstly  on  metal  matrix. 

Existing  models  of  such  crystal  grains  creation  in  single  crystals  of  metals  subjected  to 
heavy  inert  gas  ion  bombardment  are  not  complete  enough.  In  order  to  explain  the  fact  of  their 
creation  most  of  authors  (see  for  example  [11,  12])  tries  to  draw  an  analogy  with  helium  bubbles 
in  irradiated  metals  and  makes  such  series  of  proposals: 
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1.  Grains  are  made  of  only  noble  gas  atoms. 

2.  Crystal  lattice  type  of  a  grain  does  not  affect  its  properties. 

3.  Such  grain  parameters  as  density  n  and  pressure  p  obey  to  Ronchi  and  Simon 
extrapolating  equations  [11,  12].  Those  equations  describe  the  behaviour  of  macroscopic 
volumes  of  noble  gases. 

4.  The  properties  of  metals  with  grains  (among  them  surface  tension  coefficient,  Poisson 
coefficient  and  so  on)  do  not  differ  from  that  of  not  irradiated  metals.  Above  that  some 
parameters  experimentally  obtained  for  macroscopic  volumes  of  metals  with  dislocation-like 
structural  defects  are  used  for  estimations  and  calculations. 

5.  The  only  phase  transition  -  equilibrium  phase  transition  of  the  first  type  (crystallization¬ 
melting)  is  considered.  It  is  suggested  that  it  is  equivalent  to  the  correspondent  phase  transition 
for  condensed  noble  gas. 

All  of  authors  used  the  following  standard  procedure: 

1.  Size,  structure  type,  lattice  parameters  and  melting  temperature  can  be  evaluated  with  the 
help  of  TEM  and  microdiffraction  methods.  2.  The  crystalline  noble  gas  atom  density  is  deduced 
from  its  lattice  parameters  and  structure  type.  2.  This  density  datum  is  used  for  the  determination 
of  pressure  in  grains  on  the  basis  of  Ronchi  extrapolating  equation  in  spite  of  the  metal  crystal 
structure.  4.  The  equilibrium  Laplace  pressure  in  grains  is  deduced  from  grain  radius  and  surface 
tension  coefficient  of  the  non  irradiated  metal.  5.  Pressure  that  corresponds  to  the  experimental 
value  of  the  noble  gas  melting  temperature  is  calculated  on  the  basis  of  empirical  Simon 
equation.  This  equation  describes  melting  curve  of  heavy  inert  gas  macroscopic  volume  with 
P-T  variables.  6.  Calculated  pressure  values  lie  in  the  range  of  tens  kbar.  This  range  is  narrow 
enough,  so  one  makes  the  conclusion  about  good  concord  between  this  model  and  experiment. 

It  is  a  pity  that  the  following  proposals  made  on  the  basis  of  this  disagree  with  experimen¬ 
tal  facts; 

1 .  There  is  not  any  proof  that  the  grains  are  made  of  only  noble  gas  atoms.  Moreover  were 
it  like  this  grain  could  not  appear;  diffusion  energy  of  noble  gas  atoms  equals  (even  for  the 
lightest  of  them  -  Ar)  7  eV  in  Ni  [13].  It  makes  the  migration  of  noble  gas  atoms  impossible  in 
the  experimental  range  of  temperatures,  especially  on  irradiation  with  middle  range  ion  energies 
(10^)  eV  at  T=300  K. 

2.  Grain  crystal  structure  type  is  the  same  as  that  of  matrix.  It  is  natural  to  wait  that  it  is  the 
matrix  that  considerably  determinates  grain  properties  (among  others  by  means  of  matrix 
structure). 

3.  Being  purely  empirical  Ronchi  and  Simon  equations  does  not  contain  any  information 
about  small  volumes  of  noble  gases  (100-1000  atoms)  having  crystal  lattice  type  differing  from 
that  of  condensed  noble  gases. 

4.  Metal  properties  considerably  depend  on  the  existence  of  defects  in  crystal  structure  and 
their  concentration  for  both  extent  and  point  ones  [14].  Moreover  it  was  shown  that  surface 
tension  coefficient  in  metal  containing  argon-vacancy  complexes  does  not  bound  to  that  in  non 
defective  metal. 

5.  There  is  not  any  proof  that  the  observed  phase  transitions  are  equilibrium.  Moreover  on 
the  middle  energy  (about  lO’  keV)  ion  beam  irradiation  their  appearance  process  misses  liquid 
phase  (it  is  not  seen  experimentally). 

6.  Finally  one  can  observe  grains  with  different  sizes  (2-3  times  scatter)  for  the  same 
experimental  conditions.  It  is  evident  that  the  equilibrium  pressure  in  such  grains  must  vary.  It 
should  lead  to  considerable  varying  of  melting  temperature  with  grain  size.  This  in  turn  means 
the  absence  of  phase  transition  point  in  considered  system,  process  of  melting  taking  place  over 
wide  range  of  temperature.  Nothing  like  this  is  observed  in  experiments.  Therefore  phase 
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transitions  in  irradiated  metals  do  not  look  like  that  in  macroscopic  volumes  of  compressed 
noble  gases. 

So  phase  transition  of  the  first  kind:  crystallization-melting  is  observed  in  metals  subjected 
to  heavy  noble  gas  ion  bombardment.  Its  specific  feature  is  taking  place  in  unordinary  system: 

-  it  is  not  phase  transition  in  metal; 

-  it  is  not  phase  transition  in  noble  gas  (structure  and  lattice  parameter  of  grains  are  differ¬ 
ent  for  the  same  gas  but  different  matrices  and  so  on); 

-  it  is  not  phase  precipitation  in  submission  solution  of  AB  kind  (A  -  metal  atom,  B  -  noble 
gas  atom),  because  of  that  noble  gas  atoms  in  submission  state  are  almost  immobile  (especially 
on  the  middle  energy  ion  beam  irradiation  at  T=300  K),  it  does  not  allows  them  to  create  new 
phase  as  the  nearest  neighbours. 

In  order  to  elucidate  nature  of  these  phenomena  experiments  on  interaction  of  heavy  noble 
gas  ions  with  metals  at  elevated  temperatures  and  in  other  energy  range  (about  1  keV).  Theore¬ 
tical  approach  to  be  developed  must  take  in  account  both  implanted  atoms  and  another  defects 
of  crystal  structure.  Theoretical  consideration  of  these  phenomena  will  be  published  later. 

Low  energy  ion  beam  has  some  preference  in  the  investigation  of  ion  beam  interaction  with 
metals:  1.  There  is  no  cascades  of  atom-atom  collisions  on  slowing  down  of  such  beam  particles 
in  metal.  2.  Low  depth  of  penetration  gives  an  opportunity  to  use  such  method  as  thermal 
desorption  spectroscopy  (TDMS)  having  high  sensitivity.  3.  Direct  answer  are  to  have  been  got: 
whether  pressure  is  high  in  grains  of  noble  gases. 

TDMS  method  have  been  chosen  as  the  main  one  for  the  investigation  of  low  energy 
(<1  keV)  argon  (Ar^)  ion  beam  interaction  with  metals  (Ni,  Co).  It  was  caused  by  the  following: 

1.  Method  of  thermal  desorption  is  enough  sensitive  to  changes  of  implanted  gas  atom 
state.  2.  Path  length  for  low  energy  ions  is  short:  (10-20)  A.  3.  Comparatively  small  changes  of 
implanted  gas  atom  state  bound  to  structural  reorganization  lead  to  instant  desorption  of 
particles  situating  near  surface.  4.  Change  of  temperature  (thermal  desorption  method)  allows  to 
alternate  simultaneously  both  matrix  state  and  that  of  implanted  atoms  that  is  to  study  phase 
transitions. 

Interesting  results  were  obtained  on  the  study  of  thermal  desorption  of  argon  implanted  in 
cobalt  Co(l  1 1)  at  low  energy  (E=0.6  keV).  During  heating  of  cobalt  single  crystal  it  changes  its 
structure  at  T=690  K;  hdp  Co(OOl)  transforms  into  fee  Co(lll).  Reverse  transition  can  be  seen 
during  cooling  at  T=640  K,  that  is  hysteresis  takes  place.  It  is  natural  to  assume  that  such 
structural  phase  transition  affects  the  state  of  implanted  atoms  in  metal.  In  order  to  study  the 
influence  of  structural  phase  transition  hdp  to  fee  in  cobalt  on  Ar  atom  thermal  desorption  the 
following  sequence  of  operations  was  made: 

To  begin  with  sample  was  heated  up  to  temperature  higher  then  that  of  the  phase  transition 
hdp  to  fee  and  then  was  cooled  down  to  650  K,  that  is  cobalt  has  fee  phase.  It  was  followed  by 
irradiation  and  cooling  of  irradiated  cobalt.  During  cooling  we  registered  spectrum  of  reverse 
argon  atom  thermal  desorption,  that  is  gas  flow  was  measured  during  temperature  decrease.  The 
spectrum  shows  evidence  that  after  irradiation  in  fee  phase  during  cobalt  heating  in  the  moment 
of  phase  transition  to  hdp  Co  anomalous  thermal  desorption  is  observed:  jump  like  raise  of  Ar 
atom  desorption  rate,  that  looks  like  the  desorption  energy  being  negative.  The  appearance  of 
anomalous  desorption  peak  of  preliminary  implanted  Ar  atoms  caused  by  structural  phase 
transition  in  Co  can  be  explained  as  an  evidence  of  movement  activation  energy  of  argon- 
vacancy  complexes  caused  by  structural  reorganization  of  neighbourhood  for  that  complex.  The 
effect  of  anomalous  desorption  of  noble  gas  atoms  bound  to  structural  phase  transition  in 
irradiated  layer  have  been  observed  for  single  crystals  Zr  and  Ti,  too.  The  discovered 
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phenomenon  of  anomalous  desorption  served  as  a  good  tool  for  the  first  kind  phase  transition 
diagnostics  in  metal-noble  gas  system. 

It  is  known  that  implanted  atom  states  depend  on  main  parameters  of  ion  irradiation: 
energy  and  fluence.  Studying  TDMS  spectra  change  with  these  parameters  one  can  make 
conclusions  about  changes  of  implanted  atom  states  in  subsurface  irradiated  metal  layer.  If 
fluence  is  considerable  enough  the  interaction  between  structural  defects  of  irradiated  substance 
(vacancies,  admixture  atoms,  own  interstitials  and  so  on)  has  substantial  influence  on  implanted 
atom  states.  That  is  why  primary  stage  of  implanted  atom  state  investigation  for  Ar  in  subsurface 
irradiated  layers  of  Ni(lOO)  and  Ni(llO)  single  crystals  was  carried  out  for  low  fluences. 
Correspondent  TDMS  spectra  consideration  has  shown  that  there  is  a  number  of  Ar  states  in 
nickel,  part  of  them  being  bound  to  the  veiy  surface  and  part  -  being  distant  from  the  surface. 
The  latter  can  be  considered  as  clusters  with  integer  amounts  of  vacancies  and  argon  atoms. 
Fluence  raise  results  in  raise  of  cluster  complexity. 

Thermal  desorption  spectra  of  Ar  from  Ni(lOO)  (Ar^  fluence  is  fixed)  at  different  temperatu¬ 
res  show  that  as  temperature  during  irradiation  raises  the  last  high  temperature  peak  maximum 
moves  to  higher  temperatures.  This  is  an  evidence  that  binding  energy  increases  and  in  general 
cluster  (responsible  for  this  peak  appearance)  becomes  larger.  Besides  that  raise  of  temperature 
during  irradiation  simplifies  TDMS  spectra  towards  to  its  drastic  change  at  T=870  K.  Now  the 
only  peak  exists  in  thermal  desorption  spectra.  Its  narrowness  means  that  this  peak  describes  the 
decay  of  the  only  state  and  high  maximum  temperature  indicates  high  binding  energy.  The 
appearance  of  this  peak  in  TDMS  spectra  has  bright  threshold  character  changing  both 
irradiation  temperature  and  fluence.  Experiments  have  shown  that  for  the  system  described 
above  this  peak  formation  takes  place  at  fluences  >8  TO’*  cm'^. 

Study  of  distribution  of  implanted  argon  in  metal  for  the  same  experimental  conditions 
show  that  the  characteristic  depth  of  Ar  distribution  at  the  irradiation  temperatures  T=(300- 
850)  K  correlates  with  the  path  length  for  Ar^  energy  E=0.6  keV.  The  scene  changes  drastically 
at  the  irradiation  temperature  T=870  K:  seam  depth  is  considerably  larger  than  the  depth  of 
penetration.  It  is  about  150  A.  Besides  that  at  the  above  mentioned  temperature  argon  atom  dis¬ 
tribution  in  the  metal  is  close  to  uniform  up  to  150  A.  The  results  obtained  during  study  of  the 
reverse  thermal  desorption  from  irradiated  nickel  is  not  less  interesting:  anomalous  thermal  de¬ 
sorption  section  was  observed  that  is  desorption  rate  increases  during  decrease  of  temperature. 

This  phenomenon  can  be  seen  at  very  narrow  irradiation  temperature  range  T=(870-900)  K 
fluence  being  >8  10^®  cm'^.  That  is  anomalous  thermal  desorption  emergence  has  threshold 
character  and  lies  in  the  same  range  of  parameters  as  the  emergence  of  high  temperature  peak  in 
ordinary  TDMS  spectrum.  The  samples  showing  anomalous  part  in  thermal  desorption  spectra 
(about  T=860  K)  were  studied  with  TEM  and  microdiffraction  methods.  Analysis  of  irradiated 
nickel  samples  gave  evidence  that  there  appear  grains  having  mean  diameter  3  nm  and  volume 
density  1.6  •10^'*  m'^  in  subsurface  layer  for  the  following  ion  irradiation  conditions:  T=870  K, 
E=0.6  keV,  d=8  10^®  cm‘^.  Let  us  mention  that  crystal  grains  was  not  observed  for  samples 
whose  TDMS  spectra  have  not  anomalous  thermal  desorption  section. 

During  heating  of  Ni  (Co)  samples  containing  crystal  grains  up  to  860  K  (850  K)  grains  can 
still  be  registrated  by  TEM,  but  reflexes  of  crystal  vanish  in  microdiffraction  pictures.  So  the 
melting  of  crystal  grains  was  observed  at  T=860  K  (850  K).  Crystal  grains  can  not  be  seen  also 
in  properly  irradiated  samples  subjected  to  heating  up  to  T=1450  K:  thermal  desorption 
evacuates  almost  all  argon  from  metal  at  T=1350  K. 

Generalized  thermal  desorption  spectra  from  Ni  and  Co  are  constructed  by  addition  of 
direct  and  reverse  TDMS  spectra  of  Ar.  If  irradiation  temperature  equals  870  K,  then  two 
thermal  desorption  peaks  can  be  obtained:  high  temperature  (1350  K)  and  that  with  participance 
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of  anomalous  thermal  desorption  (850-860  K).  Besides  of  these  peaks  there  is  a  peak  with 
participance  of  anomalous  thermal  desorption  situating  about  T=640  K  (temperature  of 
structural  phase  transition  fee  to  hdp  in  Co)  in  reverse  TDMS  spectrum  of  Ar  from  Co.  It  is 
natural  to  assume  that  the  peaks  with  anomalous  thermal  desorption  sections  correspond  to 
some  other  phase  transition.  But  this  temperature  range  has  only  one  phase  transition  - 
crystallization  of  grain. 

The  observed  peak  reorganization  in  TDMS  spectrum  with  the  increase  of  irradiation 
fluence  and  temperature  and  the  emergence  of  high  temperature  (T=1350  K)  narrow  peak  in 
TDMS  spectrum  with  reaching  of  critical  fluence  and  temperature  show  evidence  that  collective 
mode  emerges  and  therefore  there  is  critical  phenomenon  of  phase  transition  type  in  this  range 
of  the  system  parameters. 

Further  experimental  investigation  of  noble  gas  grain  creation  over  a  wide  range  of 
temperatures  and  irradiation  fluences  will  allow  to  construct  phase  diagram  of  this  phenomenon 
and  to  study  grain  properties  for  different  conditions  [15-27]. 
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Abstract 

The  complex  of  Nuclear  Interaction  Analysis  Methods  including  a 
charged  particle  activation  analysis  (CPAA  and  HIAA),  a  spectrometry  of  ion 
induced  gamma-emission  (PIGE  and  HUGE)  ,  characteristic  X-ray  emission 
(PIXE)  and  Rutherford  Backscattering  Spectrometry  (RBS)  have  been  used  for 
diagnostics  of  the  High  Power  Ion  Beam  (HPIB)  assisted  technologies.  Accelerated 
ion  beams  from  electrostatic  generator  EG-2.5  and  cyclotron  U-120  were  used  for 
realization  of  the  techniques.  The  complex  allows  to  solve  a  lot  of  problems  of 
elemental  and  isotopic  analysis.  First,  it  is  a  determination  of  micro-  and 
macrocomponents  of  modified  materials;  second,  a  determination  of  surface  density 
of  thin  films,  multilayers  and  coatings,  total  surface  gaseous  contamination  and 
amounts  of  the  elements  implanted  in  specimens;  third,  a  measurement  of 
concentration  depth  profiles  of  the  elements.  Experiments  shown  that  the  preferable 
application  of  nuclear  analysis  methods  allows  to  avoid  the  considerable  errors 
arising  when  the  concentration  depth  profiles  of  elements  are  measured  by  SIMS  or 
AES  in  studies  of  mass  transfer  processes  induced  by  HPIBs. 

Introduction 

A  diagnostics  application  efficiency  mostly  depends  on  reliability  of  applied 
analysis  method  not  on  it’s  cost.  So,  right  choice  of  the  diagnostic  method  is  very 
important  step  to  achieve  a  good  result  in  HPIB  studies.  Generally  an  elemental 
diagnostics  of  HPIB  technologies  is  connected  with  analysis  of  surface  and  near¬ 
surface  layers  of  solid.  The  necessity  of  certification  of  applied  materials  adds  some 
of  bulk  analysis  methods.  The  correct  realization  of  surface  diagnostics  is 
complicated  one  because  the  considerable  surface  modification  under  HPIB 
exposure  is  observed. 

As  a  rule,  so-called  atomic  methods  are  used  for  elemental  and  isotopic 
diagnostics  of  HPIB  technologies.  The  AES  and  SIMS  methods  are  taken  to  be 
more  cheap  and  simple  than  nuclear  methods.  But  in  situations  where  large  numbers 
of  similar  samples  are  being  routinely  analyzed  via  nuclear  methods,  the  cost  per 
sample  may  therefore  compare  favorably  with  atomic  methods.  Furthermore,  as  it 
will  be  mentioned  below,  the  values  of  main  analytical  characteristics  of  atomic 
methods  (ionization  coefficients  and  sputtering  factors)  are  considerably  changed 
under  HPIB  surface  modification  and  so  incorrect  results  are  obtained  by  AES 
and/or  SIMS-diagnostics.  Nuclear  methods’  result  independence  on  level  of  HPIB 
exposure  shows  reliability  and  advantage  of  these  methods  for  elemental  and 
isotopical  HPIB  diagnostics. 
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Experimental  results 

1.  The  techniques  of  micro-  and  macro-characterization  of  materials 

Energy-disperse  XRF-method  (with  photon  excitation  of  ^^Fe  and  is 

used  for  the  routine  material  characterization  of  sputtered  targets  and  substrates  with 
the  detection  limits  of  elements  with  z>13  about  UlOO  ppm.  CPAA,  HIAA,  PIGE 
and  HUGE  techniques  are  used  for  determination  of  light  elements.  So  the  data 
obtained  by  CPAA  via  nuclear  reactions  ^2c(d,n)i3N,  i'*N(p,a)iiC,  i^O(p,a)i^N, 
23Na(d,p)24Na,  4iK(a,n)44Sc  and  '^oca(a,p)43sc  were  used  for  selection  of 
high-purity  (HP)  materials  of  sputtered  targets  (graphite,  Nb,  Mo,  W,  Al, 
leucosapphire  AI2O3,  ZnS,  Zn)  and  substrates  (Si,  GaAs,  CdTe).  Detection  limits 
were  about  lO'^,  310-7  ^  10-6  %  weight  for  C,N  and  O,  respectively  [1]. 

HIAA  and  HUGE  measurements  were  carried  out  on  the  cyclotron  ion 
beams  of  ‘^c,  and  with  energy  0.75^1.75  MeV/amu.  It  was  shown  that 

the  utilization  of  and  ion  activation  with  energy  about  1  MeV/amu 

allow  to  determine  less  than  the  nanogram  amounts  of  D,  Li,  Be  and  B  without 
nuclear  interferences  from  the  gaseous  elements  (C,N,0)  those  contents  into  the 
near-surface  layers  of  solid  are  characterized  as  abnormally  high.  HIAA  deuterium 
determination  via  nuclear  reaction  2H(J2C,n)J3N  is  most  sensitive  and  selective. 
The  HI-IGE  detection  limits  in  HP  niobium  matrix  were  about  1-3  ng/cm^  for  D, 
Li,  Be  and  B,  0.3  pg/cm2  for  F  and  5-15  pg/cm^  for  C,  N  and  O.  The  technique 
are  available  for  coupling  with  ERDA,  HI-RBS  and  HI-IXE,  too. 

Nuclear  reactions  such  as  the  (p,p’y)  and  (p,ay)  are  used  by  PIGE  techniques 
for  instrumental  determination  of  Li,  B,  F  and  Na  traces  with  the  detection  limits 
up  to  0.1  ppm.  All  of  the  above  mentioned  methods  can  be  used  for  checking  of 
stoichiometric  and  isotopic  ratio  with  standard  relative  deviation  (SRD)  no  more 
than  0.005[2].  Usually  SRD  is  no  more  than  0.2  in  determinations  of  the  impurities. 

2.  The  techniques  for  determination  of  surface  contents  of  elements 

XRF  analysis  by  X-ray  excitation  of  i09cd  and  measuring  of  characteristic 
X-rays  of  elements  with  Si(Li)-detector  was  used  for  determination  of  surface 
density  of  ZnS,  Nb,  W,  Au,  Pb  films  with  tu<0.2-100)nm  prepared  by  HPIB 
assisted  sputtering  upon  the  mylar,  Al-  and  Cu  foils  as  the  substrates.  The  angular 
distributions  of  the  sputtered  products  are  measured  by  the  XRF-technique  with 
SRD  equaled  0.01-0.3  for  thickest  and  thinnest  layers  of  sputtered  product, 
respectively.  To  measure  an  angular  distribution  of  C  (graphite),  Al,  Si  and  AI2O3 
(leucosapphire)  the  autoradiography  technique  based  on  the  3  MeV-deuteron 
activation  is  developing  now. 

Instrumental  CPAA  technique  was  developed  to  study  the  gaseous 
contamination  of  thin  tungsten  and  gold  films  deposited  upon  HP  AsGa  plates  by 
the  HPIB  sputtering  of  HP  tungsten  and  gold  targets.  The  specimens  were  irradiated 
in  helium  atmosphere  by  3  MeV  deuterons  from  cyclotron  and  then  the  ^^N-  and 
^^0-activity  formed  from  the  nuclear  reactions  i7c(d,n)i^N  and  i'^N(d,n)^^0  was 
detected  by  y-y-coincidence  spectrometer.  The  interference  free  detection  limits 
were  about  3-5  ng/cm^. 

The  CPAA  technique  via  i2c(d,n)'3N  coupled  with  optical  ellipsometry 
allowed  to  determine  the  density  of  diamond-like  carbon  films  produced  by  the 
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HPIB  sputtering  of  HP  graphite.  Nuclear  reaction  27Al(d,n)28Al  was  used  for 
determination  of  total  doze  of  Al'^'*'  ions  in  Hgj.xCdxTe  (x=0. 2 1-5-0.22)  through  the 
short-pulsed  implantation. 

The  instrumental  HIAA  and  HUGE  measurements  via  nuclear  reactions 
9Be(''*N,an)i^F,  9Be('4N,dy)2iNe  and  9Be(i'^N,2aY)^^N  were  used  for  determination 
of  total  doze  of  beryllium  (2,0  IQi'^  at/cm^)  implanted  into  niobium  for  producing  of 
the  reference  samples  on  environmental  measurements  [3].  The  detection  limits 
were  about  (1^5)10*^  at/cm^. 


3.  Concentration  depth  profiling  techniques 

Two  non-destructive  depth  profiling  methods  are  used  in  our  institute: 

PIGE  —  for  light  elements  and  RBS  —  for  medium  and  heavy  ones.  The  main 

analytical  characteristics  of  the  both  methods  are  similar:  the  depth  resolution  is 

about  1  Oh- 100  nm  and  detection  limit  is  about 
lO^^-s-lO^^  at/cm^. 

The  PIGE  techniques  are  based  on 

application  of  narrow  isolated  resonances  in 

excitation  function  of  (p,y)-,  (P,P’)-  and 

(p,aY)-reactions.  By  scanning  on  proton  energy 
they  localize  resonance  at  the  required  depth  from 
the  specimen  surface.  Gamma- spectrometry  with 
a  large  Nal  scintillation  detector  and 

Ge(Li) -detector  was  used  for  the  characteristic 
Y-rays  account.  Usually  we  use  a  relative  variant  of 
analysis  with  thin  Al,  CaF2,  AIN,  C  and  LiF  films 
as  references.  The  most  probable  characteristics  of 
applied  nuclear  reactions  are  presented  in  the 
table. 

Table 
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Fig.  1  PIGE  profiling  of  thin 
films  and  drop  fractions  after 
short-pulsed  implantation  of  Al""^ 
into  MCT 
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To  analyze  a  short-pulsed  ion  implantation  of  Al"’^  into  semiconductor 
materials  (Si,  MCT),  mixing  of  thin  multilayer  A1-,  Al-Si,  Al-C-structures  and  ion 
beam  assisted  preparation  of  TiN  films  on  steel,  the  concentration  depth  profiles 
of  Al  and  N  were  determined  by  the  resonant  nuclear  reactions  ^^Al(p,Y)^^Si  and 
'5N(p,aY)*^C.  The  depth  resolutions  were  about  30nm  and  50nm,  and  detection 
limits  were  about  lO^^  and  lO^o  at/cm^  for  Al  and  N,  respectively,  in  our  recent 
measurements.  Fig.l  shows  that  the  technique  allows  to  determine  simultaneously 
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a  thickness  of  thin  film  and  a  diameter’s  distribution  of  drop  fraction  (with  average 
diameter  about  3^8  pm)  formed  on  surface  of  samples  by  short-pulsed  ion 
implantation  (accelerator  “MUK”). 

4.  A  comparison  of  atomic  (SIMS, AES)  and  nuclear  (PIGE)  methods  of 
concentration  depth  profiling  in  studies  of  HPIB-technologies 

The  A1  depth  profiles  after  HPIB  exposure  (accelerator  “TEMP-1”)  were 
measured  by  PIGE,  SIMS  and  AES  at  the  same  examined  specimens.  As  it  is  shown 
at  fig. 2,  the  SIMS  and  AES  methods  decreased  the  concentration  values  and 
penetration  depth  of  aluminum  at  2-3  times  compare  to  the  nuclear  method’s  data. 
We  suppose  that  the  differences  are  connected  with  the  separate  sputtering  of  filling 

specimen’s  substance  and  nanocrystal 
AlxCUy-  or  AlxFcy-phases  formed  by  HPIB 
surface  modification.  Obviously  the  separate 
sputtering  can  lead  to  considerable  errors  in 
AES  and  SIMS  depth  profile 
measurements. 

Furthermore  the  experimental  data 
of  majority  of  papers  connected  with 
elemental  depth  profiles  measured  by  AES 
or  SIMS  on  HPIB  studies  demonstrate  that 
the  maximal  penetration  depth  of  an 
implanted  element  is  considerably  exceed 
the  one’s  projective  range.  We  think  these 
effects  are  not  connected  with  the  long 
range  effect  but  only  with  the  errors  of 
atomic  depth  profiling  methods.  The 
problem  is  very  important  for  a  correct 
realization  of  the  HPIB  diagnostics  and  it 
needs  in  further  investigation. 

Conclusion 

The  described  complex  of  Nuclear  Interaction  Analysis  Methods  allows  to 
work  out  all  of  problems  for  the  elemental  HPIB  diagnostics.  In  comparison  with 
AES  and  SIMS,  the  NIAMs  are  more  reliable  methods  of  the  HPIB  diagnostics 
because  they  have  best  accuracy  in  caring  out  of  the  quantitative  analysis  and  depth 
profiling. 
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Fig.  2.  Depth  profiles  of  A1  in  Cu  and  Fe 
after  HPIB-treatment.  Initial  A1  film  with 
depth  about  400nm  after  1  pulse  HPIB 
with  current  intensity  40  A/cm^  . 

Fe-plate;  1  -  PIGE,  2  -  SIMS; 

Cu-plate:  3  -  PIGE,  4-  AES 
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Abstract 

The  high-intensity  pulsed  ion  beam  with  parameters:  ion  energy  350-500  keV,  ion  current 
density  at  a  target  >  200  A/cm^,  pulse  duration  60  ns)  was  used  for  the  metallic  deposition. 
Film  deposition  rate  was  0.6-4.0  mm/s.  Transmission  electron  microscopy/  transmission 
electron  diffraction  investigations  of  the  copper  target-film  system  have  been  performed. 
Impurity  content  in  the  film  have  been  determined  using  X-ray  fluorescence  analysis  and 
secondary  ion  mass  spectrometry.  The  angular  distributions  of  the  ablated  plasma  have  been 
measured. 

Introduction 

The  high-intensity  pulsed  ion  beam  (HIPIB)/solid  interaction  results  in  the  generation  of  an 
ablated  plasma  (10'^-10^°  cm‘^,  0.2-2  eV)  which  can  be  used  to  advantage  for  the  deposition 
of  thin  films  The  deposition  process  is  analogous  to  pulsed  laser  deposition,  but  operates 
with  higher  total  energy  incident  on  a  target  allowing  accelerated  deposition  rates  or  larger 
area  coverage.  The  paper  deals  with  the  results  of  investigation  on  the  deposition  of  metallic 
films,  their  structure  and  impurity  content. 

Experimental  procedure 

The  basic  experimental  arrangement  required  for  producing  films  by  High-Intensity  Pulsed- 
lon  Beam  Deposition  (HPIBD)  has  been  described  in  Ref  6.  Briefly,  the  study  was  carried 
out  on  TEMP-2  accelerator  (ion  energy  350-500  keV,  ion  current  density  at  a  target  >  200 
A/cm  ,  power  density  (0.7-1. 5)  10  W/cm  ,  pulse  duration  60  ns,  pulse  repetition  rate  8-10 
min') 

Metallic  deposition. 

Transmission  electron  microscopy  (TEM)  and  transmission  electron  diffraction  (TED) 
investigations  presented  in  Ref  3,  4,  5,  6  showed  that  the  metal  films  grown  by  the  HIPIBD 
are  polycrystalline  formations  containing  both  microparticles  of  the  droplet  fraction  and 
microblisters  (Fig.  la).  The  parameters  (average  sizes,  linear  density,  volume  fraction)  of  these 
structmal  formations  depend  on  some  conditions,  including  melting  (evaporation)  point, 
degree  of  cristallinity  of  a  substrate,  the  quantity  of  pulses  of  the  deposition,  the  number  of 
depositing  pulse,  the  diode-target-substrate  geometry,  as  well  as  the  structural  and  phase  state 
of  a  target.  Fig.  Ib-g  illustrates  the  results  of  analysis  of  the  last  factor  influence.  It  has  been 
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found  that  the  influence  of  the  high-intensity  pulsed-ion  beam  (HIPEB)  on  the  copper  target  is 
accompanied  by  changing  the  defect  structure  and  phase  composition  of  the  metal. 

(i)  Carbon  particulates  with  the  cubic  crystalline  lattice  (fl(FCL)=0.421nm)  (Fig.  1  b-d)  are 
observed  on  the  target  surface,  with  increasing  the  number  of  pulses  of  the  HIPIB  action  the 
particulates'  average  sizes  and  their  volume  fraction  increase.  It  was  noted  that  on  the  target 
surface  the  particulates  are  the  volume  formations,  frequently  having  a  facetting,  and  in  the 
near-surface  layer  (-0.5  pm  layer  thickness)  the  particulates  are  very  thin  disks  (Fig.  lb). 

(ii)  Spherical  particulates  of  the  copper  oxides  are  observed  on  the  target  surface.  Their 
average  sizes  increase  with  increasing  the  number  of  pulses,  but  their  linear  density  decrease. 
The  near-surface  layer  has  the  gradiental  defect  structure:  the  nanocrystalline  surface  layer 
(  dcr=20  nm),  the  submicron  near-surface  layer  (  dcr  =300  nm.  Fig.  le,f).  Crystallite  sizes  of 
this  layer  increase  with  increasing  the  number  of  pulses  of  the  HEPIB  action.  The  HIPIB 
influence  on  the  metal  is  accompanied  by  changing  the  relief  of  the  sample  polished  face  (Fig. 
1  f,  g).  It  has  been  found  that  both  a  wave  length  and  a  degree  of  the  relief  periodicity  depend 
on  the  number  of  pulses  of  HIPEB,  metals,  as  well  as  the  state  of  a  metal  that  can  be  either  a 
polyciy'stal  (Fig.  Ig)  or  a  monocrystal  (Fig.  Ih). 

Impurity  content  measurements  in  films. 

The  super-high  rate  of  the  film  deposition  by  HEPEBD  allows  to  produce  films  with  the  low 
impurity  content,  especially  with  impurities  of  light  gaseous  elements,  such  as  C,  N.  O, 
constantly  being  in  residual  atmosphere  (P=510'^  Torr).  We  have  carried  out  a  number  of 
experiments  dealing  with  the  sputtering  of  high-purity  (999.9)  W  and  Au  targets.  The  initial 
high-purity  targets  were  certificated  by  the  charged  particle  activation  analysis  (CPAA) 
method  .  The  films  were  deposited  on  high-purity  AsGa  plates  with  the  content  of  C,  N  and 
O  less  10'^  %.  A  thickness  of  the  deposited  films  was  determined  by  X-ray  fluorescence 
analysis  method  with  the  excitation  by  photon  radiation  ‘°^Cd  and  the  registration  of  the 
characteristic  X-ray  radiation  of  elements  by  Si(Li)-detector.  For  instrumental  CPAA 
determination  of  C  and  N  both  in  the  films  and  on  the  AsGa  substrates  surface  we  used  the 
irradiation  by  deuterons  of  a  cyclotron  with  the  energy  of  ~3.1  MeV  in  He-atmosphere  and 
subsequence  determination  of  induced  activity  of  analytical  radionuclides  '^N  and  '^O  with 
periods  of  half-decay  9.965  min  and  2.04  min,  respectively.  The  table  presents  the  total 
content  (surface  density  9)  and  the  relative  content  (/^)  of  C  and  N  in  the  W  films,  a 
background  (surface  contents  in  AsGa  substrates:  ^c(AsGa)=0.8  pg/cm^  and  ^N(AsGa)=0.3 
pg/cm^)  being  taken  into  consideration.  The  content  of  C  and  N  in  gold  films  was  lower  than  a 
limit  of  determination  (/min  -  0.3  ^c(AsGa)  «  0.3  <irN(AsGa).  Quantitative  estimates  of  the  film 
impurity  content  were  made  using  the  secondary  ion  mass  spectrometry  also. 


Table.  Impurity  contents  of  C  and  N  in  the  W  filrns. 


The  number 
of  pulses 

-  ~~  r  _ - 

I/W,  pg/cm^ 

(7c,  pg/cm^  /c,  wt.  % 

pg/cm^  /m  wt.  % 

30* 

0.45 

2.3  0.51 

0.77  0.17 

100** 

1.1 

11.8  1.1 

0.97  0.09 

100*** 

1.3 

9.7  0.75 

0.62  0.05 
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without  preliminary  sputtering  of  the  target  surface  and  without  nitrogenous  trop; 
with  preliminary  sputtering  of  the  target  surface  and  without  nitrogenous  trop; 

"*  with  preliminary  sputtering  of  the  target  surface  and  with  nitrogenous  trop. 

The  performed  investigation  allows  to  conclude  the  following: 

(i)  The  content  of  C  in  the  W  films  is  an  order  of  magnitude  higher  than  the  content  of  N,  but 
the  G  total  quantity  is  proportional  to  the  number  of  pulses,  that  indicates  the  contamination  of 
the  films  by  gases  of  residual  atmosphere  of  the  work  chamber  during  the  deposition  process. 

(ii)  The  preliminary  sputtering  of  the  W  target  surface  decreases  a  level  of  the  N 
contamination  of  the  produced  films  by  two  or  three  times  and  doesn’t  influence  a  level  of  the 
contamination  caused  by  the  C-containing  compounds  that  determining  a  degree  of  vacuum  in 
the  work  chamber. 

(iii)  The  luck  of  detectable  quantities  of  C  and  N  in  gold  films  indicates  the  chemical  nature  of 
the  gas  contamination  in  the  W  films. 

(iv)  The  contamination  of  the  films  occurs  during  breaks  between  pulses  after  the  deposition 
of  the  ablated  plasma  plume  onto  a  substrate. 

Thus,  we  have  presented  a  possibility  to  produce  high-purity  films  of  noble  metals  (Au,  Ag, 
platinoids)  from  the  ablated  plasma  at  sputtering  initial  high-purity  targets  by  HIPIB.  Pure 
films  of  chemically  active  metals  may  be  produced  if  to  improve  a  vacuum  in  the  work 
chamber. 

The  angular  distribution  of  the  ablated  plasma. 

The  HIPIB  with  the  following  parameters:  350  keV  ion  energy,  250  A/cm^  current  density  at  a 
target,  8.75  •  lO’  W/cm^  power  density  at  target,  60  ns  pulse  duration,  5.25  J/cm^  fluence  at 
target,  was  used  in  the  experiments.  A  diagram  of  the  experimental  system  for  angular 
measurements  is  shown  schematically  in  Fig.  2a.  All  the  targets  were  tablet-shaped  with  S=1 
cm^.  Energy-disperse  X-ray  fluorescence  analysis  via  X-ray  excitation  of  ’°^Cd  and 
measuring  of  characteristic  X-rays  of  elements  by  Si(Li)-detector  was  used  for  determination 
of  surface  density  of  ZnS,  Nb,  W,  Au,  Pb  films  with  a  thickness  of  0.2-400  nm  for  studying 
the  angular  distributions  of  the  sputtered  products.  Standard  relative  deviation  of  the  XRF 
results  was  0.01-0.3  for  the  thickest  and  thinnest  layers  of  the  sputtered  products,  respectively. 
To  measure  an  angular  distribution  of  C  (graphite),  Al,  Si  and  AI2O3  (leucosapphire)  the 
autoradiography  technique  based  on  the  3  MeV-deuteron  activation  is  developing  now.  The 
plume  of  the  ablated  plasma  is  cone-shaped  and  characterized  by  a  highly  forward  peaked 
distribution,  exp(-n|0|)  with  3  <  n  <  4.5,  where  0  is  measured  with  respect  to  the  target 
normal  (Fig.  2a,  b).  This  is  in  contrast  to  what  one  expects  from  a  purely  thermal  evaporation 
characterized  by  a  cos(0)  distribution. 

Conclusion 

The  joint,  TEM/TED  investigations  of  the  copper  target-film  system  have  been  performed. 
The  modifying  influence  of  HIPIB  on  the  structure  and  phase  composition  of  the  target  has 
been  determined,  a  connection  between  the  structure  of  the  target  and  that  of  the  film  being 
revealed.  The  angular  distribution  has  an  exponential  behavior,  and  the  exponential 
parameter  for  investigated  materials  is  ranged  from  3  to  4.5  depending  on  the  sort  of 
materials.  The  influence  of  pressure  of  residual  atmosphere  to  concentration  of  elements, 
which  form  gases,  is  investigated. 
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Fig.  1,  (a,  b,  c,  e)  TEM,  (d,  f)  TED  and  (g,  h)  optical  images  of  the  structure  of  both  (a)  the  Cu 
film  and  (b,  d)  the  Cu  target  obtained  at  sputtering  both  (a-f)  a  polycrystal  and  (g)  a  monocrystal. 


Fig.  2,  (a)  Schematic  diagram  of  the  angular  measurements;  (b)  Angular  distributions  of  the 
ablated  plasma  (Nb  ~  exp  (-3.il  0 1 ),  Pb  ~  exp(-3.4|  0 1 ),  ZnS  ~  exp(-3.0|  0 1 ),  Au  ~  exp(-4.3|  0 1 ), 
a  cos  (0)  distribution  is  presented  for  comparison). 
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Abstract 

The  influence  of  high  power  pulsed  ion  beam  irradiation  and  final  heat 
treatment  on  physical  and  chemical  state  of  refractory  alloys  (VT25U,  VT9,  GS26) 
blades  surface  layers  were  investigated  after  their  operation  in  gas  turbine  engine. 
It  is  shown  that  ion  beam  treatment  allows  to  reconstruct  and  recovery  service 
properties  of  these  parts. 

Introduction 

The  irradiation  by  high  concentration  fluxes  of  energy  (high  power  pulsed 
ion  beam  /HPPIB/  treatment  especially  [1,  2])  is  one  of  the  most  advanced 
methods  for  surface  processing  of  turbo  machine  parts.  HPPIB  apphcation  allows 
to  improve  service  properties  of  these  details  dramatically  [3,  4].  Furthermore, 
HPPIB  irradiation  can  be  used  for  reconstruction  of  compressor  blades  passed 
operation  [5].  In  this  coimection  the  main  aim  of  the  present  research  is  the 
elaboration  of  technological  fundamentals  of  gas  turbine  engine  blades 
reconstruction  and  their  service  properties  recovery  by  HPPIB  treatment. 

Experimental 

The  compressor  and  turbine  blades  (with  ZrN  and  NiCrAlY  coatings) 
manufactured  from  the  VT25U,  VT9  and  GS26-refractory  alloys  (Russian  aviation 
aUoys)  were  chose  as  objects  of  investigation.  These  parts  passed  operation  in  gas 
turbine  during  800  (titanium  alloys)  and  600  (GS26)  hours.  The  coating  thickness 
on  the  surface  of  the  blades  was  equal  to  15  pm  (ZrN)  and  100  pm  (  NiCrAlY  ) 
accordingly.  Moreover,  the  VT25U,  VT9-titanium  alloy  blades  without  coating 
have  been  studied  after  the  800-hour  operation  in  gas  turbine  engine.  The  surface 
state  of  these  parts  has  been  determined  by  means  of  Auger  electron  spectroscopy, 
X-ray  diffraction  analysis,  scanning  electron  microscopy,  optical  metallography. 
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measurements  of  roughness  and  microhardness.  The  irradiation  of  targets  has  been 
carried  out  using  the  TEMP-and  VERA-accelerators  [3]  at  the  following  values  of 
ion  beam  parameters;  ion  energy  -  E=300-500  keV;  ion  current  density  in  pulse  - 
j=60-600  A  cm'2;  pulse  duration  -  t=  50-100  ns;  area  of  beam  cross  section  - 
S=30-200  cm'2.  The  total  set  of  the  blades  surface  state  investigations  has  been 
repeated  after  irradiation.  At  last  new  coatings  have  been  deposited  on  the  purified 
surface  of  the  blades  by  the  plasma-vacuum  deposition  method  and  their  fatigue 
strength  and  oxidation  resistance  have  been  determined. 


Results 

Some  results  of  these  researches  are  presented  in  Fig.  1,2  and  Table  1.  It  is 
shown  that  the  HPPIB  treatment  enables: 

(i)  to  melt  material  of  surface  layers  with  thickness  of  h=0.4-3  pm  at  j>60  A  cm'^ 

(ii)  to  eradicate  the  surface  microdefects  (microcracks,  furrows  and  etc.)  at  low 
values  of  ion  current  density  (j«60  A  cm"^)  and  a  great  number  of  pulses  (n>15) 

(iii)  to  remove  material  of  surface  layers  with  thickness  of  h=0.4-l  pm  during 
pulse  at  j>120  A  cm'^  (titanium  alloys,  ZrN-coating)  and  j>200  A  cm"^  (nickel 
alloy,  NiCrAlY-coating). 


a  b 

Figure  1.  SEM-micrographes  of  the  VT9(a)  and  VT25U(b)  alloys  blade 
surface  after  the  800-hour  operation;  a-  degraded  ZrN-coating;  b-  oxidized  surface 
treated  by  ion  beam  (  E=300  keV;  j=150  A  cm'^;  n=3  pulses  ). 


-879- 


Figure  2.  S EM -micrographs  of  GS26  alloy  blades  surface  after  the  600-hour 
operation  and  HPPIB  treatment:  a  -  E=500  keV,  j=600  A  cm'^  ,  n=120  pulses; 
b  -  E=500+300  keV,  j=600+60  A  cm"^,  n=  120+20  pulses. 


Alloy 

Coating 

E, 

keV 

j, 

A  cm'2 

n, 

pulses 

Ra,±0.0 

2pm 

Hp,±30 
HV  0.2 

a.i,  ±10 

MPa 

ho,  ±5 
pm 

VT25U 

- 

- 

- 

0.19 

640 

360 

80 

VT25U 

- 

300 

120 

20 

0.18 

320 

200 

100 

VT25U 

300 

120 

20 

- 

- 

300 

60 

15 

0.10 

290 

350 

60 

- ^ 

VT9 

ZrN 

- 

- 

0.85 

960 

300 

40 

VT9 

ZrN 

300 

150 

25 

0.20 

450 

310 

65 

VT9 

ZrN 

300 

150 

25 

- 

- 

- 

- 

300 

60 

10 

0.09 

310 

360 

35 

GS26* 

NiCrAl 

- 

- 

>2.0 

860 

240 

60 

Y 

GS26* 

NiCrAl 

500 

600 

120 

0,30 

420 

180 

80 

Y 

GS26* 

NiCrAl 

500 

600 

120 

- 

- 

- 

- 

Y 

300 

60 

20 

0.12 

650 

300 

20 

Table  1.  The  results  of  the  blade  tests:  a.i  -  fatigue  strength  (N=2xl0'7 
cycles;  f=80  Hz;  T=20°C);  Iiq  -  thickness  of  oxidized  layer  (*-  the  tests  have  been 
carried  out  with  the  samples  )  after  high  temperature  exposure  in  air  during  800 
hours  (  Ti-alloys  )  and  500  hours  (Tvt25U,  vt9  =550°C;  Tgs26  =1000°C  ). 
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The  crater  formation  phenomenon  and  the  simple  Lengmyur  s  evaporation 
form  the  foundation  of  gas-dynamic  removal  process  of  damaged  surface  layer  and 
coating.  The  blade  surface  irradiated  at  high  values  of  ion  current  density  held  a 
great  amount  of  craters.  Crater  diameter  and  their  depth  were  equal  to  5-100  and 
0.5-1  pm  correspondingly.  The  latter  can  lead  to  a  crack  net  formation  and  as  a 
result  to  a  decrease  of  service  properties  of  the  blades  reconstructed  by  HPPIB.  In 
this  connection  it  is  proposed  to  irradiate  these  damaged  blades  by  the  HPPIB  at 
low  values  of  ion  current  density  (j»60  A  cm'^)  for  melting  of  the  original  formed 
craters  sharp  edges  or  to  carry  out  mechanical  pohshing  before  new  coating 
deposition.  Since  the  surface  layer  material  “disstrengthening“  takes  place  during 
termahzation  of  ions  than  the  blades  passed  the  HPPIB  irradiation  would  be 
annealed  in  vacuum  at  operation  temperature  before  or  after  deposition  of  new 
coating. 

The  results  of  comparative  tests  (Table  1)  are  shown  that  fatigue  and 
corrosion  properties  of  the  blades  reconstructed  by  HPPIB  were  up  to  standard  of 
these  properties  of  initial  parts. 

Conclusion 

The  test  results  of  refractory  alloy  blades  treated  by  high  power  ion  beams 
allow  to  conclude  that  these  beams  can  be  used  for  the  removal  of  oxidized  surface 
layers  and  protective  coatings  damaged  during  operation  in  gas  turbine  engine.  It 
is  proposed  to  carry  out  the  two-stage  ion  beam  irradiation: 

1)  for  removal  of  surface  layers  and  coatings  damaged  during  operation  (at  high 
values  of  ion  current  density,  j>200  A  cm"^  ); 

2)  for  smoothing  of  surface  microreleif  (at  low  values  of  ion  current  density, 
j=60±10  A  cm"2  ). 
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Abstract 

The  me  of  intense  pulsed  ion  beams  is  providing  a  new  capability  for  surface 
engineering  based  on  rapid  thermal  processing  of  the  top  few  microns  of  metal, 
ceramic,  and  glass  surfaces.  The  Jon  Beam  Surface  Treatment  (WEST)  process  has 
been  shown  to  produce  enhancements  in  the  hardness,  corrosion,  wear,  and  fatigue 
properties  of  surfaces  by  rapid  melt  and  resolidification.  We  have  created  a  new 
code  called  WMOD  that  enables  the  modeling  of  intense  ion  beam  deposition  and  the 
resulting  rapid  thermal  cycling  of  surfaces.  This  code  has  been  used  to  model  the 
effect  of  treatment  of  aluminum,  iron,  and  titanium  using  different  ion  species  and 
pulse  durations. 

1.  Introduction 

The  emerging  capability  to  produce  high  average  power  (5-100  kW)  pulsed  ion  beams  at  0.1-1 
MeV  energies  is  enabling  the  development  of  a  new,  commercial  scale  thermal  surface  treatment 
technology  called  Ion  Beam  Surface  Treatment'  (IBEST).  IBEST  uses  high  energy  pulsed  (0.03-l)as) 
ion  beams  to  directly  deposit  energy  in  the  top  0.1-10  micrometers  of  the  surface  of  materials, 
including  metals,  ceramics,  and  glass.  This  is  illustrated  in  Figure  1.  The  depth  of  treatment  is 
controllable  by  varying  the  ion  energy  and  species.  Efficient  deposition  of  the  energy  in  a  thin  surface 
layer  allows  melting  of  the  layer  with  relatively  small  energies  ( typically  1-10  J/cm^)  and  allows 
rapid  cooling  and  resolidification  of  the  melted  layer  by  thermal  diffusion  into  the  underlying 
substrate.  Typical  cooling  rates  (>1x10^  K/sec)  are  sufficient  to  cause  amorphous  and  fine  grain  layer 
formation  and  the  production  of  new  microstructures  including  nano-crystalline  and  metastable 
phases.  IBEST  has  been  used  to  melt  and  resolidify  metals,  glass  and  ceramics  for  a  variety  of 
possible  industrial  applications.  Experiments  have  shown  that  surfaces  treated  by  this  rapid 
quenching  technique  can  have  significantly  improved  properties  that  depend  on  the  specific  material 
but  include  corrosion,  wear,  and  hardness  and  the  production  of  smooth  and  crack-free  surfaces. 

Because  the  effects  of  IBEST  on  materials  are  based  on  rapid  thermal  cycling,  the  capability  to 
model  this  thermal  cycling  is  cracial  to  the  understanding  and  application  of  IBEST  to  different 
materials  and  geometries.  We  have  developed  a  new  code  called  IBMOD  that  is  specifically  designed 
to  model  IBEST  processing.  IBMOD  calculates  the  deposition  of  ions  in  materials  and  follows  the 
resulting  temperature  variation  with  time  and  one  dimensional  spatial  resolution.  It  provides  the 
capability  to  use  different  pulse  shapes  and  durations,  multiple  ion  species,  time  varying  ion  energies, 
varying  beam  incidence  angles,  and  temperature-dependent  materials  properties. 
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Figure  1.  The  Ion  Beam  Surface  Treatment  process  uses  short  (<l|is),  intense  pulses  of  ions  to 
melt  surfaces.  This  melting  is  followed  by  rapid  resolidification  at  10®K/s. 

2.  BBMOD  Code  Description 

IBMOD  has  been  developed  jointly  by  Quantum  Manufacturing  Technologies  and  Sandia 
National  Laboratories  under  a  Cooperative  Research  And  Development  Agreement.  It  builds  on  the 
RANGE  code  developed  several  years  ago  by  Sandia  for  DOE  and  DoD.  IBMOD  combines  energy 
deposition  based  on  the  Anderson  and  Ziegler  formulations^  with  thermal  relaxation  using  a  1-D  fully 
implicit,  finite  difference  algorithm^  that  has  been  modified  to  include  a  time-varying  source,  variable 
spatial  zoning,  temperature  dependent  specific  heat  and  thermal  conductivity  and 
melting/resolidification  phase  transitions.  The  stopping  powers  used  in  IBMOD  includes  zeroth  order 
corrections  to  the  electron  energy  loss  to  account  for  straggling. 

Because  of  the  short  time  scale  characteristic  of  IBEST,  IBMOD  allows  superheating  of  the 
liquid  surface  layer  above  the  equilibrium  vapor  temperature.  The  temperature  is  clamped  when  it 
reaches  the  ablation  temperature^,  given  by  Tabiation=  O.lHy/R,  where  Hy  is  the  heat  of  vaporization 
and  R  is  the  universal  gas  constant.  IBMOD  can  model  deposition  using  user-specified  ion  species  as 
well  as  ion  energy  and  current  density  profiles.  Multiple  ion  species  with  different  time  histories  can 
be  used.  It  is  also  possible  to  model  two  layers  of  different  materials. 

Temperature  dependent  data  for  over  30  materials  including  elements,  alloys,  ceramics,  glasses, 
and  polymers  is  already  available  in  IBMOD.  Calculations  indicate  the  inclusion  of  temperature 
dependent  specific  heat  and  thermal  conductivity  data  is  important  for  accurate  IBEST  modeling  and 
typically  changes  calculated  peak  temperatures  by  15-30%. 

3.  Modeling  Results 

In  order  to  explore  the  modeling  capability  of  IBMOD  we  have  used  the  simple  but 
representative  ion  voltage  and  current  waveforms  shown  in  Tables  1  and  2.  The  energy  density 
delivered  to  the  surface  in  either  case  is  4.0  J/cm^.  Different  energy  densities  were  obtained  by 
scaling  the  incident  current  densities.  The  results  of  aluminum  surface  treatment  with  hydrogen  ions 
and  carbon  ions,  using  pulse  lengths  of  180  ns  and  1000  ns  are  shown  in  Figures  2,3,  and  4. 

Table  1.  Ion  voltage  and  current  density  waveforms  used  for  the  180  ns,  4J/cm^  case. 

Time  -  ns  Voltage-kV  Current  Density-A/cm2 

0  400  58.5 

180  300  70.0 

181  0  0 

Table  2.  Ion  voltage  and  current  density  waveforms  used  for  the  1000  ns,  4  J/cm^  case. 

Time  -  ns  Voltage-kV  Current  Density-A/cm2 

0  400  10.5 

1000  300  12.6 

1001  0  0 
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Figure  2.  Temperature  as  a  function  of  time  and  depth  in  an  aluminum  sample  treated  using  a  4 
J/cm^  proton  beam  as  described  in  table  1.  The  treatment  level  was  chosen  to  not  significantly 
exceed  the  vapor  temperature  for  aluminum. 
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Figure  3.  Temperature  as  a  function  of  time  and  depth  in  an  aluminum  sample  treated  using  a 
2.8  J/cm^  carbon  (+1)  ion  beam  with  the  waveshape  described  in  table  1  but  with  current 
densities  scaled  down  by  30%  to  limit  the  peak  temperature  to  that  shown  in  Figure  2. 

Although  the  metrics  for  optimum  IBEST  processing  are  still  being  determined,  it  is  likely  that 
optimum  treatment  will  result  from  the  energy  efficient  achievement  of  the  maximum  temperature 
possible  over  the  maximum  depth  obtainable  without  ablating  the  surface.  Figure  2  predicts  that  a 
temperature  of  2500-3000K  in  a  2  micron  depth  of  aluminum  can  be  achieved  using  a4J/cm^  180  ns 
pulse  of  300-400  kV  protons.  The  total  melt  depth  is  6.5  microns. 

Figure  3  shows  that  the  use  of  carbon  ions  instead  of  protons  causes  the  energy  to  be  deposited 
nearer  the  surface,  resulting  in  a  more  surface-peaked  temperature  profile  and  limits  the  amount  of 
energy  that  can  be  deposited  without  significantly  exceeding  the  vapor  temperature  to  2.8  J/cm  .  This 
reduces  the  depth  that  can  be  heated  to  2500-3000K  to  less  than  1  micron.  The  total  melt  depth  is  4 
microns.  Because  of  the  short  time  scale  for  IBEST,  the  maximum  temperature  achievable  without 
significant  surface  vaporization  lies  somewhere  between  the  vapor  and  ablation  temperatures. 
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Figure  4.  Temperature  as  a  function  of  time  and  depth  in  an  aluminum  sample  treated  using  a 
6.8  J/cm^  proton  beam  with  the  waveshape  described  in  table  2  but  with  current  densities  scaled 
up  by  70%  to  achieve  the  same  peak  temperature  as  the  cases  shown  in  Figures  2  and  3.  Note 
that  the  depth  scale  here  is  different  from  those  in  Figures  2  and  3. 

The  use  of  a  1000  ns  long  proton  pulse,  as  shown  in  Figure  4,  requires  70%  more  energy  to 
achieve  2500-3000K  temperature  over  a  2  micron  depth  because  of  the  increased  effect  of  thermal 
conduction.  The  greater  energy  does,  however,  result  in  a  10  micron  melt  depth.  The  increased  melt 
depth  may  be  an  advantage  in  extending  the  depth  of  the  surface  property  enhancement. 

Discussion 

These  calculations  illustrate  the  effects  of  different  ion  species  and  pulse  lengths  on  the  treatment 
of  aluminum.  Calculations  for  iron  and  titanium  show  similar  effects.  Process  development  and 
optimization  for  a  variety  of  materials  is  now  being  done  on  Sandia  National  Laboratories’  RHEPP-1 
facility.  IBMOD  has  successfully  modeled  observed  melt  depths  in  initial  tests  with  aluminum  and 
steel.  It  will  be  extensively  used  in  the  future  to  correlate  time  and  depth  resolved  temperature 
profiles  with  experimentally  measured  enhancements  in  surface  properties.  Additional  tests  are 
planned  to  further  verify  the  ability  of  IBMOD  to  accurately  model  a  range  of  treatment  parameters 
and  materials  of  interest  in  surface  engineering  applications. 

The  new  modeling  capability  provided  by  IBMOD  will  be  an  essential  tool  in  understanding  and 
developing  optimum  IBEST  processing  parameters  for  a  range  of  materials  and  applications. 
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Abstract 

We  describe  the  degradation  of  aqueous  organic  solutions  (specificdly,  aromatic 
chlorinated  compounds),  based  on  short  pulsed  corona/streamer  discharge  in  a  water-air 

aerosol.  The  aerosol  (droplet  diameter:  10-100  pm)  is  injected  into  a  discharge  reactor  with  a 
repetitively  pulsed  voltage  of  40-60  kV,  50-150  ns,  10^-10^  Hz.  The  relatively  large  water 
dielectric  constant  and  high  degree  of  atomization  result  in  efficient  degradation  of  the  organic 
molecules,  including  paranitrophenol,  di-chlorophenol  and  per-chloro-ethylene.  The  specific 
energy  cost  for  degradation  of  one  organic  molecule  is  in  the  range  of  40-100  eV/mol 
(calculated  from  the  energy  input  in  the  discharge),  and  depends  upon  system  operating 
parameters  and  the  organic-species  concentration. 

Introduction 

20th  century  technology  has  produced  a  remarkable  increase  in  the  standard  of  living  of 
the  world’s  population.  Nevertheless,  an  insidious  bj^roduct  is  toxic  pollution  of  the  global 
environment,  especially  in  the  natural  reservoirs  of  air,  water,  and  soil,  by  chemically  stable 
halogenated-aromatic  compounds . 

In  the  case  of  flue-  and  toxic-gas  remediation  a  promising  technique  involves  the  use  of 
a  non-thermal  plasma  (NTP)’’^,  with  tens  eV  secondary  electron  energies,  generated  by  direct 
electron-impact  dissociation  and  ionization  of  the  pollutant.  However,  for  bulk-aqueous 
processing  NTP  techniques  are  not  as  efficient,  due  to  the  formation  of  highly  conductive 
breakdown  channels,  and  the  requirement  for  primary  electron  energies  of  the  order  of  a  MeV 
and  pulsed  fields  of  several  hundred  kV/cm. 

Described  here  our  approach  degrades  an  air-water  aerosol  (droplet  diameter  10-100 
microns)  by  a  repetitive  (0.01-1  kHz),  short-pulse  (10-100  ns),  medium-voltage  (10-60  kV) 
discharge  which  generates  ionizing  streamers  and  a  swarm  of  supra-thermal  electrons  (Te  =  1- 
1(X)  eV).  The  main  advantages  are: 

•  absence  of  bulk-discharge  heating, 

•  increased  air-liquid  surface  area  exposed  to  reactive  components, 

•  efficient  ionization  of  the  volume  element. 

Earlier  NTP  procession  of  an  aerosol  mixture  involved  microsecond-to-miUisecond 
spark  discharge  pulselengths.^’"^  The  approach  suffered  from  considerable  resistive  energy 
losses  due  to  the  media  heating  and  non-optimized  formation  of  the  water/air  spray,  which 
significantly  decreased  the  effectiveness  of  the  treatment. 

Experimental  Apparatus 

A  schematic  of  the  experimental  device  is  illustrated  in  Fig.  1.  The  reactor  vessel  is 
fabricated  from  Lucite  tubing  (25-cm  diameter,  150-cm  length),  with  a  set  of  intermeshed 
horizontal  electrodes  located  in  the  middle  of  the  chamber.  An  atomizer  is  mounted  at  the  top  of 
vessel  that  injects  air-pressurized  water  under  pump  action  (throughput  1-5  gallon/hr).  A 
collector  at  the  bottom  of  the  system  accumulates  processed  water  that  falls  through  the  central 
portion  of  the  reactor,  separate  from  that  which  condenses  on  the  chamber  walls. 
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Figure  1.  Illustration  of  the  reactor. 

The  high-voltage  pulse-modulator  consists  of  a  dc  power  supply,  inductive  choke, 
hydrogen  thyratron  trigger  generator,  thyratron  bias  supply,  capacitors/pulse-forming  cables. 

When  the  thyratron  shorts  the  capacitors/pulse  forming  line  cables  to  ground  a  high  voltage 
pulse  is  applied  across  the  discharge  electrodes  of  the  reactor  with  an  amplitude  twice  the 
charging  voltage.  The  pulse  duration  and  impedance  is  controlled  by  the  cable  length  and 
parallel  number.  The  current  through  the  chamber  was  measured  by  active  resistor  shunt  of 
lO'l  Ohm,  placed  in  series  with  pulse  forming  network. 

Analysis  of  the  initial  and  final  concentrations  of  the  processed  organics  and 
composition  of  the  intermediates  was  "off-line"  using  several  techniques:  UV  spectra- 
photometry  for  chemical-concentration  analysis,  pyrolytic  analysis  for  total  organic  carbon 
(TOC)  concentration,  gas-chromatography  with  mass  spectroscopy  (GCTMS)  for  identification 
of  chemical  intermediates,  specific-ion-electrode  argentometric  method  to  measure  the  released 
chloride  (C1-)  concentration  in  halogenated  organics. 

Results  and  Analysis 

The  reactor  was  initially  operated  with  aerosol  flow  of  aqueous  para-nitrophenol  at  voltages 
between  50  to  60  kV  for  high  ( 0.5- 1.0  kHz)  and  low  frequency  (<  0.2  kHz),  respectively.  Table  1 
displays  the  results  for  a  given  set  of  operational  parameters  with  concentrations  of  lO"'^  and  5  lO'^ 
M/1.  A  useful  figure  of  merit  is  the  specific -energy  cost  required  to  degrade  one  molecule  of 
pollutant.  The  relevant  equation  is: 

S  IVoXvT 

(Ci,-Cfi„)NAvV 
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where  ¥„  is  the  applied  voltage,  I  is  the  average  discharge  current  (including  the  displacement 

current,  i.e.,  I  =  Itofldis.  Idis  =  CdV/dt),  x  is  the  pulse  duration,  v  is  the  discharge,  pulse- 
repetition  rate,  T  is  the  processing  time,  Qn,  Cfm  are  the  initial  and  final  molar  concentrations 
(in  moles/liter)  respectively,  NAv  is  the  Avoga^o  number,  and  V  is  the  processed  volume.  Itot 

was  measured  by  a  0.1  Q  resistive  shunt  connected  in  series  with  the  pulse-forming  line;  the 
displacement  current  is  estimated  to  be  Idis  =  (50-100)  A,  since  the  reactor  electrodes  present  a 
capacitance  of  the  order  of  100  pF  and  dV/dt  =  (0.5-1)101^  V/s. 


Table  1.  PNP  degradation  parameters,  units,  and  data. 
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The  results  of  scaling  studies  with  PNP  are  displayed  in  Fig.  2,  starting  with  a  PNP 
concentration  of  800  ppm,  a  pulsed  voltage  of  50  kV,  and  a  frequency  of  300  Hz.  For  these 
data  nearly  40%  of  PNP  is  degraded  in  4  cycles  and  the  specific-energy  cost  is  a  favorable  40 
eV/molecule  measured  for  process  cycle  1,  when  the  decrease  in  concentration  per  cycle  is 
largest.  For  comparison,  competing  degradation  technologies  report  specific-energy  costs  of 
the  order  of  several  hundred,  suggesting  much  higher  energy  efficiency  for  the  present 
approach.  Note  that  the  TOC  also  decreased  markedly  over  the  12  processing  cycles.  GC/MS 
data  suggests  the  formation  of  intermediates  with  higher  molecular  weights  than  that  PNP 
(possibly  due  to  polymerization). 
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Figure  2.  pNP  and  carbon  concentrations  vs.  sample  re-processing  cycles. 

Several  tests  using  dichlorophenol  (DCP)  involved  concentrations  of  1000  ppm,  300  Hz 
pulse  repetition  frequency,  and  a  voltage  of  50  kV.  Chlorine  that  was  chemically  liberated  was 
dissolved  in  water,  as  HCl  with  a  removal  rate  approximately  10%  per  cycle  and  a  maximum 
for  the  number  of  cycles  studied  of  62%,  as  illustrated  in  Fig.  1;  for  these  conditions  the  figure 
of  merit  is  estimated  to  be  40-60  eV/molecule,  which  is  a  factor  of  2  better  than  reported 
elsewhere.^  Since  there  was  no  trend  toward  saturation,  the  technique  demonstrates  the  potential 
for  multi-cycle  re-processing  of  halogenated  organics. 

Initial  experiments  using  100  ppm  of  0.51  of  perchloroethylene  (PCE)  solution  also 
demonstrated  efficient  de-chlorination,  when  16-78%  of  the  chlorine  ions  were  removed  after 
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one  to  four  cycles,  respectively,  and  each  cycle  took  5  minutes  of  processing.  The  resoective 
figure  of  merit  parameter  is.  Sc  ~  60  eV/mol. 


Figure  3.  Chlorine  removal  from  1000  ppm  dichlorophenol 
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Summary 

We  have  demonstrated  a  means  to  degrade  an  aerosol  mixture  of  various  organics 
(PNP,  DCP,  PCE)  using  a  medium  voltage,  repetitive,  short  pulsed  discharge.  The  technique 
provides  high  electrical  efficiency  for  applications  involving  water  borne  pollution.  Future 
studies  are  planned  to  identify  intermediate  by-products  and  to  optimize  the  operating 
parameters  which  lead  to  a  higher  degree  of  final  mineralization. 
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The  thermal  imaging  technique  was  used  in  two  experimental  m^easurements^ 
First  the  ion  intensity  distribution  on  the  anode  surface  was  observed  from  different 
aneles  by  using  a  multi-pinhole  camera.  Second,  the  plume  from  a  target 
intercepting  the  beam  was  visualized  by  observing  the  distribution  of  temperature 
increase  on  a  thin  plate  hit  by  the  plume. 


The  thermal  imaging  technique[l]  for  ion 
beam  diagnostics  was  developed  by  Los 
Alamos  National  Laboratory  (LANL).  It 
uses  an  infrared  camera  to  obtain  the  two- 
dimensional  distribution  of  temperature 
variation  of  the  measured  surface  where  the 
ion  beam  energy  is  deposited.  In  previous 
experiments,  this  technique  was  used  to 
measure  the  ion  beam  energy-density 
distribution  on  a  certain  cross-sectional  plane 
of  the  beam.  In  the  experiments  reported 
in  this  paper,  we  have  measured  1)  the 
relative  ion  beam  brightness  distribution  on 
the  anode  surface  observed  from  different 

Anode 


angles  and  2)  the  distribution  of  energy 
deposition  of  the  target  plume  generated  by 
the  ion  beam  on  a  witness  plate  that  is  hit  by 
the  plume.  The  experiments  were  carried 
out  by  using  the  intense  ion  beam  (400  keV, 
30  kA,  1  gs)  generated  by  ANACONDA,  an 
ion  beam  generator  located  at  LANL. 

1.  Measurement  of  ion  beam  intensity 

distribution 

Figure  1  shows  the  experimental  setup  for 
ion  beam  diagnostics.  The  ion  beam  is 
generated  by  a  focus  type  Br  diode.  A 
pinhole  plate  is  located  at  the  focal  point  of 


Infrared 

Camera 


Pinhole  Witness 
Plate  Plate 


Fig.  1  Experimental  setup  for  ion  beam  diagnostics. 
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the  ion  beam,  which  is  about  40  cm  from  the 
anode  surface.  Behind  the  pinhole  plate, 
separated  by  25  mm,  there  is  a  titanium 
witness  plate  with  0.08  mm  in  thickness. 
The  temperature  distribution  of  the  witness 
plate  is  monitored  by  an  infrared  camera. 

Figure  2  shows  a  typical  infrared 
photograph  of  the  witness  plate  obtained 
after  the  ion  beam  shot.  For  this  shot, 
there  were  5  pinholes  2  mm  in  diameter  with 
one  on  the  axis  and  the  other  four  uniformly 
distributed  on  a  circle  of  radius  3.8  cm.  In 
Fig.  2,  we  can  see  five  circles,  one  from  each 
pinhole  (some  are  incomplete),  that  are  the 


i 

* 

m 

Fig.  2  Photograph  of  infrared 
emission  from  the  witness 
plate,  obtained  with  experi¬ 
mental  setup  of  Fig.  1. 


pinhole  images  of  the  annular  anode.  Since 
the  blackness  in  Fig.  2  is  proportional  to  the 
temperature  increase  on  the  witness  plate,  the 
images  provide  the  time-integrated 
distributions  of  ion  beam  energy  on  the  anode 
surface,  observed  from  different  angles. 

From  Fig.  2,  we  have  obtained  two 
conclusions.  First,  the  ion  beam  emission 
on  the  anode  surface  is  not  uniform.  The 
intensity  of  ion  beam  emission  depends 
strongly  on  the  location  at  the  anode. 
Second,  the  spatial  distribution  of  the  ion 
beam  intensity  on  the  anode  surface  depends 
strongly  on  the  position  of  observation.  The 


Fig.  3  Experimental  setup  for  target  plume  diagnostics. 


-891  - 


image  obtained  at  the  center  looks  more 
uniform  than  the  other  four.  The  metal 
supports  of  the  inner  cathode  cause  three 
breaks  on  each  circular  image. 

By  comparing  the  images  obtained  from 
different  shots,  we  have  found  that  the 
distribution  of  ion  beam  intensity,  obtained  at 
the  each  angle,  changes  shot  to  shot. 
Therefore,  the  distribution  of  ion  beam 
intensity  on  the  anode  surface  is  not  caused 
by  any  asymmetry  on  the  anode  surface  due 
to  roughness  or  damage. 

2.  Measurement  of  target  plume  produced 

by  the  ion  beam 

When  an  intense  ion  beam  strikes  a  target, 
some  of  the  target  surface  material  is 
evaporated  or  ionized  due  to  the  energy 
deposition  of  the  ion  beam.  This  target 
material  then  expands  in  the  vacuum  forming 
a  plume  containing  plasma  and  hot  gas. 
When  this  plume  hit  a  solid  substrate,  some 
of  the  material  cools  and  condenses  on  the 
substrate  forming  a  thin  film.  If  this  plume 
flows  through  low  pressure  gas  instead,  the 
plume  material  combines  to  form  very  fine 
solid  particles.  These  processes  have  been 
used  for  thin  film  deposition  and  nano-sized 
power  production.  [2,3] 


Fig.  4  Photograph  of  infrared 
emission  from  the  witness 
plate,  obtained  with  the 
experimental  setup  of  Fig.  3. 


To  visualize  the  target  plume,  we  have 
used  the  thermal  imaging  technique. 
Figure  3  shows  the  experimental  setup  of 
thermal  imaging  measurement  of  the  target 
plume.  The  witness  plate,  a  titanium  plate 
with  0.08  mm  in  thickness,  is  located  in  front 
of  the  target.  The  temperature  distribution 
of  the  witness  plate  is  monitored  by  the 
infrared  camera. 

Figure  4  shows  a  typical  infrared  photo¬ 
graph  of  the  witness  plate  obtained  after  the 
ion  beam  shot.  For  this  shot,  the  target  was 
a  titanium  disk  with  5  cm  diameter  and  the 
witness  plate  was  set  12.7  cm  from,  and 
parallel  to,  the  target.  The  temperature  in¬ 
crease  obtained  from  Fig.  4  is  shown  in  Fig. 
5. 

The  temperature  shown  in  Fig.  5  is  not  the 
instantaneous  temperature  rise  on  the  surface 
of  the  witness  plate  when  it  is  hit  by  the 
plume.  It  is  the  temperature  distribution 
when  thermal  equilibrium  is  reach  in  the 
direction  of  plate  thickness,  but  before 
significant  thermal  conduction  occurs  in  the 
direction  along  the  plate  surface. 
Therefore  it  shows  the  distribution  of  energy 
absorption  from  the  plume  by  the  witness 
plate. 

By  integrating  the  temperature  increase 


Fig.  5  Distribution  of  temperature  increase  obtained  from  Fig.  4. 
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Fig.  6  Dependence  of  maximum  temperature  increase 
on  target-substrate  distance. 
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Thin  films  of  silicon  carbide  are  produced  by  using  the  technology  of  ion  beam 
evaporation.  Various  analytical  methods  are  used  to  analyze  film  thickness,  film 
composition  and  crystallizability  for  samples  obtained  with  different  target- 
substrate  distances. 


1.  Introduction 

The  technologies  relating  to  intense, 
pulsed,  charge  particle  beams,  largely 
supported  by  inertial  confinement  fusion 
programs,  have  been  developed  for  several 
decades.  In  recent  years,  it  has  been 
realized  that  these  technologies  are  also 
applicable  in  industrial  fields.  [1]  For 


example,  the  ion  beam  evaporation  (IBE)  is 
an  efficient  and  economical  method  for 
preparation  of  both  thin  films  and  nanosize 
powders.  [2-4] 

The  IBE  is  a  technology  that  evaporates 
the  target  material  by  irradiating  a  target 
surface  with  an  intense,  pulsed  ion  beam. 
Due  to  the  large  ion  stopping  power  in  solids. 
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Fig.  1  Configuration  of  ANACONDA  ion  beam  diode. 
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Fig. 2  Typical  waveforms  of  diode  voltage  and  diode  current 


in  solids,  veiy  high  energy  density  can  be 
obtained  in  a  small  target  volume  close  to  the 
surface.  This  volume  of  target  material  is 
instantly  evaporated  and  ionized  expanding 
from  the  target  surface  into  vacuum. 
When  a  substrate  is  located  facing  the  target 
surface,  the  expanding  material  strikes  the 
substrate  and  cools  on  the  substrate  surface 
resulting  in  a  very  thin  film. 

ANACONDA  is  an  intense  ion  beam 
generator  developed  by  Los  Alamos  National 
Laboratory  for  research  on  the  application  of 
ion  beams  to  material  processing.  We 
have  used  the  ion  beam  generated  by 
ANACONDA  (400  keV,  30  kA,  1  ps)  to 
evaporate  SiC  target  and  to  deposit  the 
evaporated  material  on  a  silicon  substrate. 
The  deposited  film  was  analyzed  by  using 
profilometry,  Rutherford  Backward 
Scattering  (RBS)  and  X-Ray  Diffraction 
(XRD)  for  film  thickness,  film  composition 
and  crystallizability,  respectively. 

2.  Experimental  setup 

Figure  1  shows  the  configuration  of  the 
ANACONDA  ion  beam  diode,  which  is  an 
extraction  type  Br  diode.  The  ion  beam  is 
extracted  from  the  annular  anode  and 
focused  onto  the  target.  Typical 


waveforms  of  the  diode  voltage  and  current 
are  shown  in  Fig.  2.  The  ions  are  mostly 
carbon  and  oxygen  with  a  small  proton 
component.  The  ion  beam  intensity 
obtained  at  the  focus  point  has  a  FWHM  of  6 
to  8  cm. 

The  target  is  a  sintered  SiC  disk  with  5  cm 
diameter.  It  is  located  at  the  focus  of  the 
ion  beam  at  an  angle  of  45  degrees  to  the 
axis. 

A  silicon  substrate  is  located  in  front  of 
and  parallel  to  the  target  with  a  separation 
variable  from  11.5  to  18  cm.  The  film 
samples  on  the  .substrate  were  obtained  by 
firing  40  shots  of  ion  beam  on  the  target 
without  breaking  the  vacuum. 

3,  Results  of  analyses 

In  order  to  obtain  the  thickness  of  the  film, 
a  portion  of  substrate  is  masked  during  film 
deposition  giving  a  sharp  edge  to  the  film. 
Figure  3  shows  this  edge  obtained  by  using  a 
profilometor.  Figure  3(a)  and  3(b)  show 
the  samples  obtained  with  target-substrate 
distances  of  1 1 .5  cm  and  18  cm,  respectively. 
From  Fig.3,  the  film  thicknesses  are  ~  0.8  pm 
and  ~  0.3  pm  for  the  target-substrate 
distances  of  11.5  cm  and  18  cm, 
corresponding  to  deposition  rates  of  20 
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Fig.  3  Profile  of  the  film  surface  showing  film  thickness,  for  films  obtained  with 
target-substrate  distance  of  (a)  1 1.5  cm  and  (b)  18  cm,  respectively. 


nm/shot  and  7.5  nm/shot,  respectively. 

Table  1  shows  the  film  compositions 
obtained  by  using  RBS.  Although  the 
ratio  of  Si:C  in  the  target  is  1 : 1,  it  is  found  to 
be  1:2  in  the  film  obtained  with  target- 
substrate  distance  of  11.5  cm  and  about  1:3 
in  that  obtained  with  target-substrate  distance 
of  18  cm.  In  addition,  some  oxygen  are 
obtained  in  the  latter  film.  Extra  carbon 
and  oxygen  may  come  from  anode  material 
deposited  on  the  target.  The  anode  is  made 


of  Lucite  containing  carbon,  oxygen  and 
hydrogen. 

The  sample  obtained  with  target-substrate 
distance  of  11.5  cm  was  analyzed  by  using 
XRD.  Figure  4  shows  the  major  peaks 
obtained  by  the  XRD.  It  is  seen  from  Fig. 
4  that,  except  for  the  peaks  of  the  substrate 
material,  the  observed  diffraction  peaks  are 
mainly  given  by  P-SiC,  indicating  that  the 
thin  film  has  cubic  silicon  carbide  structure. 


Table  1  Film  composition  obtained  by  RBS. 
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Fig.  4  XRD  peaks  of  the  SiC  film  on  silicon  substrate  obtained 
with  target-substrate  distance  of  1 1 .5  cm. 
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Introduction 

The  present  report  describes  deposition  of  YBa2Cu307.x  (YBCO)  thin  films  by  intense 
pulsed  ion  beam  evaporation  (IBE).  Standard  deposition  configuration  (front  side  deposition, 
IBE/FS),  is  compared  with  a  new  proposed  one,  back  side  deposition  (IBE/BS).  This  method 
has  proven  valuable  for  improving  the  film  morphologies  and  stoichiometry. 

Figure  1  schematically  illustrates  the  two  geometrical  configurations.  In  standard  IBE/FS 
method,  the  deposition  takes  place  on  the  frontal  side  of  the  substrate,  while  in  the  IBE/BS 
method,  the  substrate  is  placed  on  the  reverse  side  of  the  holder,  film  being  deposited  due  to 
diffusion  process. 


Ion  beam  Target  beam  Target 

Front  side  Back  side 


IBE/FS  IBE/BS 

Fig.  1  IBE/FS  and  IBE/BS  deposition  configurations. 

Experimental 

Experiments  currently  underway  at  Beam  Technology  Lab.  utilize  a  light  ion  beam 
generator  ETIGO-II  [1,2].  The  relevant  experimental  characteristics  are  presented  in  Table  I. 

Following  deposition,  the  layers  were  amorphous;  therefore  they  were  annealed  in  flowing 
oxygen. 

The  microstructure  of  the  samples  was  examined  by  atomic  force  microscope  (AFM),  X- 
ray  diffraction  analysis  (XRD)  and  Rutherford  backscattering  spectroscopy  (RBS). 

Table  I.  Ion  beam  characteristics  and  main  experimental  arrangement  characteristics. 


Diode 

voltage 

Diode 

current 

1 

H9H 

1.1  MV 

80  kA 

70  ns 

0.5  kA/cm^ 

~30  J/  cm^ 

-0.4  GW/  cm^ 

90%  protons 
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Target 

Substrate 

Deposition 
in  vacuum 

Target- 

substrate 

distance 

Beam- 
target  ! 
angle  ' 

Beam  area 
on  target 

YBa2Cu307-x 

Si(lOO);  MgO(lOO), 
SrLaGaO4(100) 

3x10’^  Pa 

60  mm 

45“ 

-5  cm^ 

Results 

Firstly,  the  films  deposited  by  IBE/FS  are  not  satisfactorily,  with  relatively  poor 
morphologies.  In  general,  the  surface  of  the  film  have  some  irregularities,  the  surface  is  pretty 
rough,  and  also,  one  can  be  found  droplets  with  diameters  above  1.5  pm.  The  poor  roughness 
is  attributed  to  liquid  droplets  ejected  from  the  target.  The  films  deposited  by  the  new  method, 
IBE/BS,  exhibit  an  improved  roughness,  with  no  droplets.  For  comparison,  in  Fig.  2  are 
shown  two  micrographs  obtained  by  atomic  force  microscopy: 

(a)  for  a  film  deposited  by  IBE/FS,  one  shot  and  (b)  for  a  film  deposited  by  IBE/BS,  one  shot. 


(a)  (b) 

Fig.  2  AFM  micrographs  of  YBCO  films  deposited  in  vacuum,  on  MgO  (100),  one  shot,  substrate 
temperature  700  “C,  annealed  films:  (a)  by  IBE/FS,  (b)  by  IBE/BS;(x,  y  2000  nm/div;  z  300  nm/div). 

Roughness  calculated  as  arithmetical  average  of  the  surface  deviation  from  the  mean  plane 
Ra,  and  root  mean  square  average  R,ns,  is  about  five  times  better  for  the  IBE/BS  case;  (for 
IBE/FS,  Ra  =55.47  nm  and  R.^  =  84.23nm;  for  IBE/BS  Ra  =10.35  nm  and  Rn^  =17.93  nm). 

In  the  case  of  the  IBE/FS  we  measured  a  deposition  rate  in  vacuum,  of  300-400  nm/shot, 
for  a  beam  energy  density  of  30  J/cm^,  power  density  of  0.4  GW/cm^  and  a  target-substrate 
distance  of  6  cm.  In  the  case  of  IBE/BS  deposition,  the  rate  was  around  30  nm/shot,  that  is,  an 
order  of  magnitude  lower.  If  we  compare  with  other  methods  (for  example  laser  ablation),  the 
deposition  rate  is  still  much  higher,  so  IBE/BS  remains  an  attractive  method. 
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Concerning  crystallinity,  we  investigated  the  XRD  patterns  of  the  films. 


(c) 

Fig.  3  XRD  patterns  for  films  deposited  by  IBE/FS  on  MgO,  full  scale  1  kcps,  (a);  by  IBE/BS  on 
MgO,  full  scale  4  kcps,  (b);  by  IBE/BS  on  LaSrGa04,  full  scale  80  kcps  (c). 

In  the  case  of  the  films  deposited  by  EBE/FS,  multiple  shots,  1;2;3  target,  the  X-ray- 
dififraction  patterns  were  inadequate,  with  many  extra-peaks  of  unidentified  phases,  that  can  be 
associated  with  the  deviation  from  the  film  optimal  stoichiometry.  As  an  example,  in  Fig.  3  (a) 
is  shown  the  XRD  pattern  of  a  film  deposited  in  vacuum,  by  IBE/FS,  3  shots,  on  MgO. 

The  similar  results  have  been  obtained  for  Si  substrate. 

The  films  deposited  by  IBE/FS  one  shot,  exhibit  an  improved  XRD  pattern  with 
pronounced  intensity  (00/)  lines,  indicating  a  structure  with  the  c-axis  oriented  perpendicular 
to  the  substrate. 

By  the  indirect  deposition  method,  IBE/BS,  the  films  have  been  successfully  deposited,  for 
multishot  deposited  films  too.  Figure  3  (b),  (c)  presents  XRD  patterns  for  IBE/BS  deposited 
films  on  MgO,  and  LaSrGa04  substrate.  We  see  a  strong  c  axis  1  orientation  to  substrate 
surface,  for  the  films  deposited  by  IBE/BS  in  comparison  with  IBE/FS. 

As  can  be  observed  fi'om  Fig.  3  (c),  the  films  deposited  on  LaSrGa04  substrate  have  a 
significant  improved  crystallinity  in  comparison  with  MgO  (for  LaSrGa04  substrate,  XRD 
pattern  is  80  kcps,  in  comparison  with  4  kcps  for  MgO).  This  is  due  to  the  small  lattice 
mismatch  between  YBCO  and  LaSrGa04  (YBCO  a=0.382  nm,  b=0.389  nm;  MgO  a=0.42  nm  ; 
LaSrGa04  a=0.384  nm).  Also,  because  LaSrGa04  shows  no  phase  transformation  below  1520 
°C  unlike  850-900  ®C  for  MgO,  the  deposition  and  annealing  processes,  do  not  perturb  the 
interface  substrate-film. 
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In  order  to  elucidate  the  film  stoichiometry  we  have  investigated  composition  by  RBS. 

The  analysis  reveals  two  important  aspects; 

1)  Films  deposited  especially  by  IBE/FS  are  ofF-stoichiometrically,  depleted  in  yttrium  and 
copper,  (in  comparison  with  initial  target).  This  can  be  explained  by  the  fact  that  the 
plume  that  impinges  the  substrate,  consisting  of  huge  amount  of  very  energetic  particles, 
produces  a  strong  bombardment  of  the  previous  layer.  Consequently,  it  is  possible  to 
occur  a  selective  reevaporation.  Also,  annealing  process  could  contribute  in  some 
measure.  We  have  to  point  out  that  in  one  of  our  previous  works  [3],  we  studied  the 
composition  of  the  films  deposited  by  IBE/FS,  multishot,  by  electron  probe  microanalysis 
method  (EPMA).  That  analysis  shown  that  the  films  are  depleted  in  Ba  and  Cu. 
Concerning  to  this  ambiguity,  our  opinion  is  that  RBS  method  is  more  proper  and  accurate 
for  analysis  of  YBCO  thin  films,  because  EPMA  is  a  method  very  sensitive  to  elemental 
standards  required  for  comparison  and  correction  (they  have  to  be  in  the  same  form  as  the 
sample,  etc.).  In  future  we  must  clear  up  this  aspect,  by  a  third  different  analysis  method. 

2)  RBS  results,  demonstrated  that  in  case  of  Si  and  MgO,  EBE/FS,  multishot  deposition, 
appears  a  strong  interdifftision  process  between  layer  and  substrate.  In  the  case  of 
IBE/BS  the  interdifiusion  process  is  significantly  decreased  because  IBE/BS  method 
avoids  strong  bombardment  of  the  film  by  high  energetic  particles. 
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Abstract 

The  influence  of  pulsed  high  power  carbon  ion  beams  on  stainless  chromium-nickel 
steels  is  investigated.  The  morphology,  microhardness  and  wear  resistance  of  the  samples’ 
surface  after  the  irradiation  treatment  are  studied. 

Introduction 

The  irradiation  of  metals  and  alloys,  in  particular  -  stainless  steels,  by  pulsed  high 
power  ion  beams  (PHPIB)  leads  to  the  change  of  microstructure  and  phase  composition  of 
material  undersurface  layers,  which  is  caused  by  high  rate  of  energy  input  (up  to 
lO'^  J/cm^sec)  and  cooling  rate  (up  to  10'°  K/sec).  It  allows  to  change  operational 
characteristics  of  tools,  made  of  these  materials,  in  a  proper  way  [1-3].  The  establishment  of 
the  dependencies  of  physical  processes  in  alloys  under  PHPDB  irradiation  needs  in  theoretical 
and  experimental  research. 

Experimental  and  Discussion 

The  work  presents  results  of  the  research  of  316,  304  austenite  chromium-nickel 
stainless  steels,  15-5  PH  austenite-ferrite  steel  and  440A  chromium  ferrite  steel,  modified  by 
PHPEB  (the  names  of  steels  are  given  according  to  the  Russian  Standard).  The  Table  1 
presents  the  chemical  composition  of  these  steels. 

Table  1 .  The  chemical  composition  of  the  steels  (%). 


C 

P 

S 

0.045 

16.25 

0.36 

2.17 

10.15 

0.025 

0.013 

0.69 

0.044 

18.35 

0.16 

1.46 

0.34 

8.56 

0.026 

0.003 

15-5  PH 

0.07 

14.7 

3.5 

- 

4.5 

0.04 

440A 

0.65 

16.64 

- 

0.4 

0.08 

- 

0.019 

0.018 

0.36 

The  samples  were  irradiated  by  carbon  ion  (70%)  and  proton  (30%)  beam  with  energy 
of  E=300  keV,  pulse  duration  t=50  nsec.  Ion  current  density  was  changed  in  the  range  of 
j=60  -  140  A/cm^,  number  of  pulses  was  n=l, 3. 

Before  the  irradiation,  the  polished  samples  had  an  average  roughness  of  the  surface  of 
na=0.3  pm.  The  irradiation  of  the  samples  by  ion  beam  with  density  of  j=60-70  A/cm^  leads  to 
melting  of  the  tracks  of  diamond  particle  on  the  sample  surface  and  to  the  formation  of  craters 
with  20  pm  diameter  and  0.5  pm  depth.  The  higher  number  of  pulses,  the  higher  number  of 
craters  and  their  size:  the  diameter  increases  up  to  30  pm,  the  depth  -  up  to  0.7  pm  (fig.  1). 
The  irradiation  of  chromium-nickel  alloys  by  PHPIB  with  100  A/cm^  current  density  leads  to 
the  formation  of  crater-like  meltings  with  linear  size  of  50  pm  and  depth  more  than  1.5  pm. 
The  increasing  of  ion  current  density  up  to  140  A/cm^  leads  to  the  formation  of  sell  structure 
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on  the  surface  with  crater-like  formations  of  the  same  dimensions  as  size  of  craters  for  the 
current  density  of  j=100  A/cm  . 


Fig.  1.  Microphotography  picture  of  316  Steel  after  irradiation  (x300):  a)  j=160  A/cm^, 
n=l  pulse;  b)  j=60  A/cm^,  n=3  pulses. 


The  surface  morphology  of  440A 
chromium  steel  differs  from  morphology  of 
chromium-nickel  alloys  for  the  higher  ion 
current  densities  (j=140  A/cm^):  the 

chromium-nickel  alloys  form  round  plate 
craters,  but  440A  chromium  steel  form  the 
craters  with  radial  relief  structure  (fig.  2). 

The  Table  2  presents  the 
microhardness  values  of  the  samples  Hv  for 
different  regimes  of  irradiation.  The  load  on 
the  diamond  indentor  was  0.098  N. 

The  table  shows  that  PHPIB 
irradiation  leads  to  the  decrease  of 
microhardness  even  for  the  small  values  of 
the  current  density,  which  does  not  lead  to  the  full  melting  of  the  surface.  It  can  be 
conditioned  by  the  removing  of  results  of  plastic  deformation  at  the  sample  polishing.  The 
further  decreasing  of  microhardness,  when  the  ion  current  density  increases  up  to  100 
A/cin\  n=l  pulse,  can  be  explained  by  the  fact,  that  the  heating  of  the  samples  up  to  1050- 
1 100°  C  leads  to  the  chromium  carbide  solution  in  austenite,  and  rapid  cooling  of  irradiated 
undersurface  layer  fixes  the  state  of  the  solid  solution  and  decrease  of  carbide  extraction. 
Beside  that,  the  re-crystallization  processes  take  place  at  the  hardening  process,  which  remove 
the  stresses,  formed  at  the  sample  polishing.  For  the  most  cases,  the  increase  of  the  number  of 
pulses  with  the  same  current  density  leads  to  the  increasing  of  microhardness. 

Table  2.  The  steels’  microhardness  Hy  (GPa) 


Fig.  2.  Microphotography  picture  of  440A  Steel 
after  irradiation  (x300):  j=100  A/cm^,  n=l  pulse. 


Steel 

j=o 

IMBam 

HE^HI 

316 

2.87 

2.01 

1.83 

1.78 

1.91 

2.41 

304 

2.81 

2.13 

2.44 

2.33 

2.46 

2.65 

15-5  PH 

4.13 

2.95 

2.97 

2.95 

3.02 

2.61 

440A 

2.76 

2.50 

2.72 

2.31 

2.12 

2.27 
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It  is  obvious  that  the  considerable  part  of  the  different  metal  carbides,  which  is 
dissolving  in  austenite  at  the  high  temperatures  after  the  first  ion  current  pulse,  is  extracted 
from  the  solid  solution  after  the  repeated  heating  of  the  samples  (after  the  next  ion  current 
pulses).  The  carbides  are  extracted  on  the  grain  boundaries,  and  it  leads  to  the  reducing  of  the 
steel  plasticity.  The  increasing  of  microhardness  with  increase  of  ion  current  densities 
(j>140  A/cm^)  can  be  explained  by  the  formation  of  shock  waves,  which  blow  up  the  plastic 
deformation  of  alloy  undersurface  layer. 


Fig.  3.  Wear  resistance  (track  depth  h)  depending 
on  time  of  indentor  moving  for  3 16  Steel: 

1)  j=0,  2)  j=60  A/cm^,  n=l  pulse,  3)  j=60  A/cm\ 
n=3  pulses,  4)  j=100  A/cm\  n=l  pulse. 


The  fig.  3  presents  the  results  of  316 
Steel  investigation  on  the  wear  resistance  by 
“needle-disk”  method  with  the  different 
irradiation  conditions:  1  -  j=0  (before 
irradiation),  2-  j=60  A/cm^,  n=l  pulse,  3- 
j=60  A/cm^,  n=3  pulses,  4  -  j=100  A/cm^, 
n=l  pulse.  The  load  on  the  diamond  indentor 
was  0.098  N,  the  indentor  velocity  was 
0.86  m/sec.  The  reducing  of  wear  resistance 
of  the  samples  irradiated  by  100  A/cm^ 
PHPIB  is  caused  by  the  increasing  of 
plasticity  and  reducing  of  microhardness. 
The  increase  of  the  wear  resistance  treated 
by  beams  with  small  current  density  is  very 
unexpected  result.  The  reducing  of  friction 
factor,  measured  with  these  irradiation 
regimes,  corresponds  to  the  increasing  of  the 
sample  wear  resistance. 


Conclusion 

The  irradiation  of  stainless  steels  by  pulsed  high  power  ion  beams  with  ion  current 
densities  of  100  A/cm^  leads  to  the  increase  of  the  plasticity  and  decrease  of  the 
microhardness.  The  increasing  of  the  number  of  pulses  leads  to  the  increase  of  microhardness, 
because  carbides  are  extracted  from  solid  solution,  the  increasing  of  current  densities 
up  to  j>140  A/cm^  leads  to  the  increase  of  the  microhardness,  because  shock  waves  are 
formed.  The  wear  resistance  of  316  Steel  increases  under  average  regimes  of  irradiation. 

The  authors  would  like  to  acknowledge  Sandia  National  Laboratories,  USA  for  the 
support  of  the  work. 
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Abstract 

The  electrical  and  chemical  characteristics  of  the  air  scrubbing,  with  the  use  of  a  barrier 
discharge,  from  impurities  of  xylene  being  a  typical  organic  contaminant  have  been 
investigated.  Based  on  the  interrelation  between  the  electrical  and  chemical  characteristics,  an 
approach  to  the  optimization  of  the  cleaning  process  has  been  proposed  that  allows  a 
severalfold  reduction  of  the  energy  input. 

Introduction 

Contamination  of  the  air  with  gaseous  hydrocarbons  or  organic  liquid  vapors  is  an 
inevitable  attribute  of  many  chemical  engineering  processes.  In  the  recent  years,  the  studies  of 
the  processes  of  profound  oxidative  destruction  of  organic  contaminants  which  are  based  on 
the  nonthermal  selective  activation  of  oxygen  and  hydrocarbon  molecules  have  actively  been 
carried  out  [1-3].  In  view  of  this,  the  use  of  gas-discharge  reactors  with  a  low-temperature 
nonequilibrium  plasma  at  atmospheric  pressure  is  attractive.  A  number  of  works  have  been 
performed  to  study  the  process  of  air  scrubbing  from  organic  contaminants  in  various  types  of 
electrical  discharge,  e.g.  a  barrier  discharge  [1],  a  pulsed  corona  [2],  a  gliding  discharge  [3]. 

The  present  report  describes  an  experimental  study  of  some  electrophysical  and  chemical 
engineering  aspects  of  the  air  scrubbing  in  the  plasma  of  a  barrier  discharge  from  xylene  being 
a  typical  organic  contaminant  in  the  vent  wastes  of  many  enterprises  using  organic  solvents. 

Experimental  equipment  and  technique 

The  experiment  on  scrubbing  the  air  from  a  xylene  mixture  was  performed  with  the  use 
of  a  flow-through  gas-discharge  reactor  of  coaxial  design.  The  flow  rate  of  gas  pumping 
through  the  reactor  could  be  varied  in  a  range  from  0.01  to  1  m^/h,  concentration  of  xylene 
could  be  varied  in  a  range  from  0.08  to  4  g/m^  The  discharge  was  initiated  by  high  voltage 
pulses  with  a  base  width  of  70  |.is.  The  peak  voltage  was  varied  from  zero  to  10  kV  and  the 
pulse  repetition  rate  from  0.05  to  3  kHz.  The  power  deposited  in  the  discharge  was  varied 
from  zero  to  50  W  by  varying  the  pulse  peak  voltage  and  repetition  rate.  The  xylene 
percentage  in  the  air  stream  before  and  after  scrubbing  was  measured  using  the  flame 
ionization  detector  of  a  chromatograph  (type  3700). 

Results  and  discussion 

The  results  of  experiments  on  the  scrubbing  of  air  from  a  xylene  impurity  in  the  barrier- 
discharge  reactor  operating  in  the  steady-state  flow-through  mode  are  presented  in  Fig.  1  as  a 
dependence  of  the  degree  of  cleaning  X  on  the  average  energy  density  W  (kW  h/m^).  The 
average  energy  density  is  the  ratio  of  the  discharge  power  U  (kW)  to  the  flow  rate  Q  (m^/h) 
of  the  air  : 

W=  UfO. 
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The  degree  of  cleaning  is  the  ratio  of  the  xylene  concentrations  in  the  air,  Co  and  Cm  at 

the  reactor  inlet  and  outlet,  respectively,  to  the  xylene  concentration  at  the  inlet; 


X=  (Co-  Cm)/  Co. 


Fig.l  Effect  of  the  average  energy  density  W  on  the  degree  of  cleaning  X  of  air 
from  xylene.  0=0.2  m^/h.  Co  —  1.98  (1),  1.34  (2),  0.5  (3),  and  0.24  g/m  (4). 

Fig.  1  shows  the  effect  of  the  average  energy  density  on  the  degree  of  cleaning  for  a 
fixed  flow  rate  of  the  air  and  a  varied  initial  content  of  xylene.  The  degree  of  cleaning 
therewith  decreased  with  increasing  the  initial  concentration  of  xylene  for  the  average  energy 
density  being  unchanged. 


Fig.2  Fall  of  xylene  concentration  in  air  (Co-Cm)  as  a  function  of  initial  concentration 
Co  for  W=  0.0035  (1),  0.007  (2),  0.018  (3),  and  0.032  kWh/m^  (4). 
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The  solid  lines  in  Fig.  2  present  the  fall  of  the  xylene  concentration  AC  =  Co  -  Cm  as  a 
function  of  the  initial  concentration  Co  for  various  average  energy  densities.  The  straight  line 
shows  the  limit  that  is  achieved  with  complete  oxidation  of  xylene  and  corresponds  to  a 
hypothetical  infinite  average  energy  density.  The  curves  in  Fig.  2  show  saturation,  and  for 
each  average  energy  density  W  there  exists  a  limiting  value  of  the  fall  in  xylene  concentration 
ACmM  achievable  at  large  values  of  the  initial  concentration  Co.  From  the  experimental  data  it 
follows  that  ACma.x  =  where  A:  =  63  g/kW  h  is  the  coefficient  of  proportionality  and  the 
value  l/k  =  0.016  kW  h/g  has  the  meaning  of  minimum  possible  expenditures  of  energy  for 
combustion  of  a  unit  mass  of  xylene  in  the  reactor  having  the  given  construction.  The 
behavior  of  the  experimentally  obtained  curves  can  be  described,  e.g.,  by  an  equation  of  the 
form 


AC  =  JtW[l-exp(-].2Co/mi  (1) 

Equation  (1)  can  be  simplified  for  two  limiting  cases,  where  the  exponential  term  tends  to  zero 
or  to  unity.  The  former  case  corresponds  to  the  saturated  portion  of  the  dependence  AC(Co), 
and  equation  (1)  takes  the  form 


AC  =  ACma.x  =  A:lT.  (2) 

In  this  case,  the  air  is  scrubbed  from  xylene  incompletely;  however,  the  energy  cost  for 
the  combustion  of  a  unit  mass  of  xylene  is  low  and  equal  to  1/A:.  When  the  exponential  term  in 
equation  (1)  tends  to  unity,  it  can  be  expanded  into  a  series  and  restricted  by  two  first  terms. 
Equation  (1)  will  then  take  the  form 


AC  =  Co  (3) 

which  corresponds  to  the  case  of  complete  cleaning  of  the  air.  Equation  (1)  can  be  reduced  to 
the  form  of  equation  (3)  if  the  condition  ColkW  «  1  is  fulfilled.  We  may  put  C^lkW  «  0.1; 
equation  (1)  will  then  be  written  as 


AC^OAkW.  (4) 

It  is  obvious  that  the  expressions  (2)  and  (3)  are  the  linear  interpolation  of  different 
portions  of  the  experimental  curve  AC(Co)  and  the  expression  (4)  is  an  approximate  one 
allowing  to  relate  the  values  AC  and  W  far  from  the  saturation  of  the  dependence  AC(Co)  . 
Comparison  of  expressions  (2)  and  (4)  shows  that  the  average  energy  density  necessary  for  the 
oxidation  of  unit  mass  of  xylene  in  the  saturation  region  of  the  dependence  AC(Co)  is  an  order 
of  magnitude  lower  than  that  corresponding  to  the  conditions  of  profound  scrubbing  of  the  air 
(AC  »  Co).  Complete  scrubbing  of  the  air  from  xylene  vapor,  i.e.,  the  fulfilment  of  the 
condition  AC  =  Co  for  a  given  average  energy  density  is  attainable  only  for  the  initial 
concentrations  of  xylene  being  much  lower  than  the  highest  possible  value  of  fall  in  xylene 
concentration  AC 

More  efficient  use  of  atomic  oxygen,  a  reduction  of  the  energy  cost  of  the  scrubbing 
process  and  complete  cleaning  of  air  from  an  organic  impurity  can  be  attained  in  a  multicell 
plasma  chemical  reactor  where  the  average  energy  density  delivered  to  each  cell  provides  for 
the  fulfilment  of  the  condition 

C„-\  -  C„  «  (C„-l  -  C„)max  «  C„_i, 
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where  C„_i  and  Cn  are  the  respective  concentrations  of  the  impurity  at  the  inlet  and  outlet  of 
the  //-th  cell.  The  average  energy  density  in  the  reactor  should  decrease  with  increasing  cell 
number  n.  For  a  barrier-discharge  plasma  chemical  reactor  having  a  coaxial  design,  its  decrease 
in  average  energy  density  can  be  achieved,  e.g.,  through  a  stepwise  or  gradual  increase  in  the 
spacing  of  the  air  gap  (decreasing  the  diameter  of  the  inner  electrode).  The  possibility  to 
decrease  the  energy  cost  of  the  scrubbing  when  using  a  multicell  reactor  can  be  demonstrated 
by  the  experimental  data  (Fig.  2).  E.g.,  when  the  average  energy  density  in  the  reactor  is  0.032 
kWh/m^  (curve  4,  Fig.  2)  ,  a  high  degree  of  cleaning  is  achieved  for  initial  xylene 
concentration  no  higher  than  0.6-0.7  g/m^  At  the  same  time,  the  same  degree  of  cleaning  at 
the  initial  concentration  ecjual  to  0.6-0. 7  g/m^  can  be  achieved  at  the  series  connection  of  3-4 
analogous  reactors  with  average  energy  density  equal  to  0.0034  kWh/m^  (curve  1,  Fig.  3).  In 
each  of  these  reactors  no  more  than  0.2  gram  of  xylene  per  one  m^  of  air  will  be  exposed  to 
oxidation  but  summary  energy  cost  will  not  exceed  0.0102-0.0136  kW  h/m^  that  is  2.3-3  times 
lower  than  the  value  obtained  at  a  onecell  cleaning.  Minimum  achievable  energy  cost  of 
cleaning  is  determined  by  the  coefficient  k  in  the  equations  (1-4)  and  for  the  above-cited 
conditions  it  will  be  0.016  kWh/m^ . 

Conclusion 

The  use  of  a  barrier  discharge  for  scrubbing  air  from  organic  contaminants  is  competitive 
with  conventional  methods  of  cleaning  at  an  impurity  density  not  exceeding  0.5  gW.  The 
advantages  of  the  proposed  cleaning  method  are  its  immunity  to  catalytic  poisons  and 
inertialessness  and  the  possibility  of  operation  with  low-calorie  contaminants.  Application  of  a 
multicell  reactor  allows  to  decrease  essentially  the  energy  cost  of  cleaning  and  to  avoid  the 
secondary  air  contamination  by  the  redundant  ozone. 
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Abstract 

In  the  article  opportunities  of  application  of  pulsed  generators  as  medical  diagnostics 
apparatus  are  considered.  Distinctive  features  of  developed  generators  are  the  small 
dimensions,  weight  and  low  consumed  energy.  These  qualities  permit  to  used  them  as  portable 
X-ray  apparatus. 

The  apparatus  can  work  as  in  radiographic  and  X-ray  copy  mode.  Results  of  reception 
of  the  X-ray  image  of  objects  are  indicated; 

On  a  X-ray  film; 

On  a  screen  of  TV-set; 

On  a  display  on  a  personal  computer. 

The  main  experiments  were  conducted  on  a  generator  with  the  following 
characteristics:  output  voltage  ranging  between  30  -  120  kV,  current  amplitude  up  to  200  A,  a 
FWHM  of  15  -  25  ns,  and  a  pulsed  repetition  rate  up  to  1000  pps.  The  generator  is  powered  by 
a  220-  V  50-  Hz  supply  line.  The  power  consumption  is  2.3  J  per  pulse.  The  generator  is  a  150 
mm  in  diameter  and  480  mm  high  oil  -  filed  metal-made  casing,  with  the  total  volume 
amounting  to  101,  and  weights  1 5  kg. 

Introduction 

It  is  possible  to  allocate  two  main 
requirements  to  X-ray  medical  generators: 

1 .  High  quality  of  image; 

2.  Low  irradiation  doze. 

Besides  there  is  also  a  number  of 

lower  level  parameters;  the  cost-effective, 
friendly  for  a  archiving,  consumer  energy 
and  other.  We  present  results  that  show  our 
generators  being  compatible  and  superior  to 
the  existing  generators. 

Approach 

The  quality  of  the  image  is 
determined  by  the  geometrical  resolution  of 
details  of  penetrated  object  and  resolution  on 
density  of  materials  or  in  other  words.  X-ray 
focus  and  energy  of  quantum.  Our 
nanosecond  pulsed  power  X-ray  generator 
used  diodes  with  a  needle  anode.  Thus,  X- 
ray  focus  is  determined  by  a  diameter  of  a 


Fig.  1 .  Disign  of  the  generator,  the  power 
control  console  and  the  vacuum  pump. 
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needle's.  There  is  not  problematic  achievement  of  focus  of  0.5  mm  or  smaller,  that  is  very  high 
result  for  medical  X-ray  diagnostic  apparatus.  A  contrast  of  the  image  of  objects  with  close 
densities  is  determined  by  energy  of  quantum.  Therefore  our  generators  provides  the  same 
image  contrast  as  any  conventional  generators.  It  is  necessary  to  note  that  by  the  used  of  a 
digital  registration  of  a  X-ray  image  its  quality  depends  on  a  level  of  an  equipment  and 
programs  of  image  processing. 

An  irradiation  doze 
depends  on  a  system  sensitivity 
to  transform  and  transfer  the 
image.  Many  types  of  medical 
apparatus  require  a  constant  X- 
ray  control.  For  reduction  of  an 
irradiation  doze  with  an  image 
intensifier  (a  factor  of 
amplification  of  10^  -  10^) 

usually  is  used.  For  nanosecond 
pulsed  X-ray  generator,  it  is 
expediently  to  use  a  system  of 
image  stopping.  In  this  case  it  is 
possible  to  choose  a  mode  of 
shift  shots  on  a  screen  with  a 
frequency  1  shot  per  second  (or 
any  other).  Thus,  the  irradiation 
doze  can  be  reduced  in  50  times. 
In  this  case  one  has  only  to 
synchronise  the  generator 
operation  with  the  TV-image 
reading.  Such  an  optimisation 
will  significantly  reduce  an 
irradiation  doze.  Because  of  this 
effect,  all  DC  X-ray  sources 
produce  at  "train"  on  a  screen 
when  moving  objects  are  analysing.  For  our  pulsed  generators  this  effect  will  be  avoided. 

On  the  other  parameters  (  cost,  dimensions,  the  consumed  electric  power  etc.) 
nanosecond  pulsed  generators  have  also  better  characteristics. 

Equipment 

The  electrical  circuit  of  a  generator  and  description  of  its  work  are  considered  in  [1]. 
The  nanosecond  generator  with  a  control  block  and  vacuum  pump  are  shown  in  Fig.  1 .  The 
generator  parameters:  output  voltage  ranging  between  30  -  120  kV,  current  amplitude  up  to 
200  A,  a  FWHM  of  15  -  25  ns,  and  a  pulsed  repetition  rate  up  to  1000  pps.  The  generator  is 
powered  by  a  220-V  50-Hz  supply  line.  The  power  consumption  is  2.3  J  per  pulse.  The 
generator  is  a  150  mm  in  diameter  and  480  mm  high  oil  -  filed  metal-made  casing,  with  the 
total  volume  amounting  to  101,  and  weights  15  kg. 

The  block  diagram  of  the  registration  system  and  processing  of  X-ray  images  is  shown 
in  Fig.  2.  The  system  control  is  realised  by  PC  ( the  mode  of  operations  -  quantity  of  pulses  in  a 
bunch,  duration  of  the  bunch  and  shots  pulses  of  CCD  are  shown  in  Fig.  3).  The  image  of 
irradiation  object  is  registered  on  a  screen  of  TV  -  monitor  and  monitor  of  a  computer.  Both 


Fig. 2.  A  system  of  registration  and  processing  of  X-ray 
image  by  nanosecond  pulsed  generator. 

A1  -  generator  of  start  pulses;  Gl  -  nanosecond  pulsed 
power  generator;  VI  -  vacuum  tube;  X  -  x  -ray;  Y1  - 
researched  object;  D1  -  roentgen  lulinescence  screen;  A2  - 
CCD  camera;  El  -  management  and  control  equipment; 

A3  -  synchronization  device;  A4  -  videocatcher;  TV  -  TV 
monitor;  A5  -  videoadaptwer  VGA;  A6  -  monitor  VGA; 

B1  -  bus  ISA. 


-910- 


images  can  be  saved  and  stored  in  the  data 
base.  For  initial  processing  of  the  image  the 
mathematical  methods  to  agree  a  target 
range  of  visualisation  devices  (TV  set, 
graphic  PC  monitor)  with  maximum 
quantity  of  gradation  of  transformed  video 
signal  were  used.  On  second  stages  digital 
filter  is  used  for  construction  of  sharp 
borders.  This  method  allows  to  discover 
graphic  features  of  the  objects  with 
insignificant  differences  in  brightness. 

We  used  the  most  simple  system  of 
registration  (Fig.  2)  Roentgen 

luminescence  screen  (ZnS  CdS  -  Ag)  and 
television  camera.  CCD  -  video  camera  trade 
mark  HS  -  135  with  the  sensitivity  0.2  Lx 
was  used.  Such  system  of  registration  did  not  used  in  modern  technology.  Nevertheless  result 
of  experiments  are  quiet  encouraging. 

Results 

The  purpose  of  experiments  was  optimisation  of  work  of  all  circuit  to  improve 

qualitative  image  of  various  penetrating 
objects.  Modified  parameters  were: 
quantitative  of  pulses  in  a  series,  duration  of 
a  seers  and  the  time  between  a  series  and 
horizontal  synchrosignal.  The  exposition 
doze  was  measured  by  TLD  dosimeter. 

In  Fig.  4  we  present  the  image  of  the 
hand  which  was  done  after  the  improvement 
of  our  system.  Irradiation  skin  doze  was  3.3 
-  6  mRh.  According  to  [2],  for  X-ray  picture 
of  chest  a  crate  doze  in  1.5  time  lager,  and 
for  stomach  -  30  times.  For  our  generator  it 
corresponds  to  doze  of  10  mRh  and  200 
mRh.  The  spatial  resolution  was  as  high  as 
80  pm. 

Discussion 

At  the  present  time  there  is 
manufactured  CCD  -  video  cameras  with  sensitivity  50pLx,  that  is  4000  times  greater  then  the 
one  used  in  the  experiment.  This  may  improve  considerably  the  quantity  of  an  image.  There  is 
a  reservation  (5-10  times),  by  using  power  and  qualitative  optics.  There  were  manufactured 
more  contrast  TV  monitors<  specially  intended  for  X-ray  copy.  There  is  also  a  significant 
reservation  to  decrease  an  exposition  doze  in  1000  times. 

Conclusion 

Using  nanosecond  pulsed  X-ray  generators  with  a  modem  equipment  of  visualisation 
of  the  X-ray  image  and  computer  control  make  it  possible  to  reduce  considerably  exposed 


Fig.4.  X-ray  computer  image  of  a  hand. 
Irradiation  skin  doze  was  3.3-6  mRh. 


Fig.3.  Temporary  diagrams;  1  -  horizontal 
synchrosignal  of  CCD  videocamera.  Time 
between  pulses  20  ms;  2  -  starting  generator 
punch  of  pulses. _ 
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dozes  of  a  patient  and  a  doctor.  Even  during  continuous  operations  (20  min)  the  irradiation 
surface  doze  will  not  exceed  1  Rh,  and  for  obtaining  one  shot  on  the  screen  of  a  TV  set 
monitor  exposition  dozes  will  be  of  the  order  of  1  pRh. 

Therefore,  an  X-ray  image  intensifier  which  is  very  expensive  and  not  reliable  was 
excluded  from  the  registration  system.  Estimation  shows  that  to  realised  the  high-sensitivity  X- 
ray  system  will  require  expenses  at  a  level  of  ~  $  80,000. 
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Abstract 

A  compact  subnanosecond,  high-current  electron  accelerator  producing  an  annular 
electron  beam  of  duration  up  to  300  -  400  ps,  energy  ~  250  keV,  and  current  up  to  1  kA  has 
been  developed  to  study  transient  processes  in  pulsed  power  microwave  devices.  The 
measuring  and  recording  techniques  used  to  experimentally  investigate  the  dynamics  of  the 
beam  current  pulse  and  the  transformation  of  the  electron  energy  during  the  transportation  of 
the  beam  in  a  longitudinal  magnetic  field  are  described.  The  experimental  data  obtained  are 
compared  with  the  predictions  of  a  numerical  simulation. 


High-current  electron  accelerators  operating  with  explosive  electron  emission  cathodes 
allow  electron  beams  with  durations  of  10 -  10  ®s  and  ultimate  (over  10'’  -  10^  A/cm* )  current 
densities  to  be  generated  in  miniature  vacuum  diodes  [1].  Such  beams,  being  single  dense 
bunches  several  centimeters  in  length,  are  used  for  example  in  the  sources  of  high-power 
wideband  (Af  ~'1/t)  electromagnetic  pulses  with  microwave  carriers  [2].  Using  a  short  beam 
one  can  investigate  the  transient  processes  in  microwave  devices,  in  the  case  when  the  stray 
reflections  and  the  feedback  are  "delayed". 

The  technique  used  to  produce  a  subnanosecond  pulse  of  accelerating  voltage  [1] 
predetermines  the  irregularity  of  the  pulse  waveform  and,  hence,  of  the  axial  energy  structure 
of  the  beam.  Therefore,  a  subnanosecond  high-current  beam  is  too  complex  to  describe 
analytically.  At  the  same  time,  the  now  available  instrumentation  and  oscillographic  equipment 
allow  an  experimental  study  of  the  dynamics  of  a  single  electron  bunch  in  real  time.  It  is 
possible  to  simulate  numerically  the  non-steady-state  processes  in  the  vacuum  diode  of  an 
accelerator  and  in  the  beam  drift  region.  We  used  for  the  simulation  an  axially  symmetric 
version  of  a  2,5  D  and  3  D  completely  electromagnetic  code  (KARAT)  [3].  The  goals  of  this 
work  were:  (i)  to  design  a  compact  subnanosecond  high-current  electron  accelerator;  (ii)  to 
study  experimentally  the  transformation  of  the  current  pulse  and  the  conversion  of  the  electron 
energy  during  the  transportation  of  a  magnetized  electron  bunch  in  an  extended  drift  chamber; 
and  (iii)  to  compare  the  experimental  data  with  the  predictions  of  the  numerical  simulation. 

The  subnanosecond  high-current  electron  accelerator  is  based  on  the  type  RADAN 
303B  compact  generator  [4],  a  pulse  peaker  [5],  and  magnetically  insulated  coaxial  diode  with 
an  explosive-emission  cathode  (Fig.  1).  At  the  output  of  the  chopper  a  subnanosecond  pulse 
was  formed  (Fig.  2)  that  was  transmitted  through  a  nonuniform  stepwise  line  and  then  arrived  at 
the  vacuum  diode  to  produce  at  the  cathode  an  accelerating  voltage  of  amplitude  up  to  250  kV. 
The  risetime  of  the  accelerating  pulse  was  twice  as  much  as  the  falltime  [5].  The 
explosive-emission  tubular  graphite  cathode  of  diameter  4  mm  was  in  the  region  of  a  uniform 
magnetic  field  (12  kOe)  created  by  a  pulsed  solenoid.  Also  placed  in  the  field  of  this  solenoid 
was  a  cylindrical  drift  chamber,  of  diameter  10  mm  and  length  30  cm,  separated  from  the 
cathode  by  the  anode  unit.  Here  collimators  were  mounted  whose  length  was  over  the 
characteristic  cyclotron  step  of  the  beam  magnetized  electrons.  By  varying  the  collimators,  it 
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Fig.1.  Subnanosecond  electron  accelerator.  1,  3,  4  -  gas  spark  gaps;  2  - 
double  pulse-forming  line;  5  -  50-80-Q  mating  transformer:  6  -  cathode;  7  - 
colliding  coils;  8  -  solenoid;  9  -  drift  chamber;  10  -  beam  collector. 


Fig. 2.  High  voltage  pulse 
waveform  at  the  50-ohm 
output  of  subnanosecond 
modulator  . 


was  possible  to  reduce  the  beam  current  by  more  than  an  order  of 
magnitude.  With  this  neither  the  accelerating  pulse  amplitude  nor 
the  geometry  of  the  cathode-anode  gap  was  varied.  The  residual 
pressure  in  the  drift  chamber  was  ~  10'^  Torr.  The  electron 
current  in  the  drift  chamber  was  measured  by  a  Faraday  cup 
placed  at  the  end  of  a  6  -  Q  coaxial  line  whose  output  was 
connected  to  a  strip  line.  The  transducer  allowed  an  observation 
of  the  processes  in  their  "pure  form"  when  any  reflections, 
inevitable  in  this  type  of  device,  were  shifted  from  the  front  of  the 
legitimate  signal  by  more  than  1.5  ns.  The  temporal  resolution 
was  on  a  level  of  150  -  200  ps  which  was  limited  by  the  bandwidth 
of  the  delay  line  of  the  oscilloscope.  The  cross-sectional  structure 
of  the  subnanosecond  electron  beam  was  fixed  within  a  pulse  by 
imprints  left  by  the  beam  on  a  dozimetric  film  that  was  placed  on 
a  movable  collector  at  various  points  of  the  drift  chamber.  A 
block  of  several  films  shot  by  the  beam  allowed  an  evaluation  of 
the  maximum  electron  energy. 


The  accelerating  pulse  had  a  highly  irregular  waveform  with  no 
flat  top  (Fig.2).  Therefore,  the  space  charge  of  the  fast  electrons  emitted  at  the  peak 
accelerating  voltage  added  to  the  acceleration  of  the  leading  low-energy  electron  fractions  at 
the  inlet  of  the  drift  chamber.  As  a  result,  for  a  short  bunch  at  the  drift  chamber  inlet,  a 
longitudinal  crossover  region  appeared.  In  such  a  region,  the  current  pulse  amplitude  of  an 
electron  bunch  is  a  maximum  and  the  risetime  of  the  current  pulse  should  be  shorter  than  the 
risetime  of  the  accelerating  pulse.  The  crossover  was  indicated  in  the  experiment  (Fig.  3)  as  a 
maximum  of  the  dependence  l(z)  near  the  drift  chamber  inlet  for  various  values  of  current. 
Increasing  the  transportation  length  of  the  bunch  decreased  the  current  pulse  amplitude  (Fig. 
4a).  This  was  accompanied  by  a  consistent  spread  in  the  bunch  duration.  Most  probably,  the 
current  reached  its  maximum  in  the  crossover  at  risetimes  shorter  than  the  response  of  the 

measuring  system  (~  200  ps)  and  so  its  measured 
value  was  somewhat  underestimated.  This  in 
particular  accounts  for  the  spread  in  the  amplitudes 
and  fall  rates  of  the  peak  beam  current  obtained  in 
the  experiment  (Fig.  4a)  and  predicted  by  the 
numerical  simulation  of  the  bunch  dynamics  in  the 
drift  chamber  (Fig.  4b). 

Both  the  experiment  and  the  numerical  simulation 
24  have  demonstrated  that  the  subnanosecond  beam 

Drift  chamber  length  z,  cm  Current  Strongly  reduced  (  by  a  factor  of  five  to  ten 

and  more)  by  the  collimator  acquired  a  double-hump 
waveform  (Fig.  4c).  There  occurred  a  collimation  of 


Fig.  3.  Drop  of  e-beam  peak  current 
with  increasing  the  drift  chamber 
length. 


the  electrons  emitted  from  the  surface  of  the 
cylindrical  cathode  at  accelerating  potentials 
exceeding  some  value.  Electrons  with  small  radii  of 
cyclotron  orbits,  emitted  mainly  during  the  risetime 
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and  falltime  of  the  subnanosecond 
accelerating  pulse,  got  into  the  drift 
chamber.  The  middle,  high-energy, 
part  of  the  pulse  was  cut  off  most 
efficiently.  That  is,  the  cylindrical 
collimator  served  not  only  simply  to 
reduce  the  number  of  particles 
having  high  transverse  velocities  but 
also  "filtered"  high-energy  particles. 
Note  that  the  pronounced  dip  in  the 
current  pulse  testifies  to  the  fact  that 
a  substantial  part  of  the  fast 
electrons  are  emitted  from  the 
cylindrical  cathode  surface  adjacent 
to  the  sharp  edge.  The  spinning  in 
crossed  electric  and  magnetic  fields 
is  most  efficient  when  emission 
centers  are  formed  in  this  region. 
The  reduction  of  the  interhump  dip 
(see  Fig.  4c)  can  be  accounted  for 
by  the  fact  that  the  fastest  electrons 
from  the  second  current  burst 
gradually  come  up  the  slow  tail  of 
the  first  one. 


The  current  pulse  transformation 
was  also  studied  experimentally 
under  the  conditions  where  the 
beam  electrons  at  the  drift  chamber 
inlet  were  imparted  with  a  high 
transverse  velocity  using  a  set  of 
oppositely  connected  coils  (kicker) 
producing  a  strong  radial 
disturbance  of  the  guide  magnetic 
field.  The  pitch-factor  of  the  beam 
electrons  in  this  case  could  reach 
values  over  unity.  For  the  electrons 
that  had  passed  through  the  field  of  the  kicker,  the  value  of  the  pitch-factor  depended  on  the 
conditions  at  the  inlet  into  the  nonuniform  magnetic  field  region,  namely,  on  the  energy  of  a 
particle,  its  radial  position,  and  the  initial  value  of  the  pitch-factor.  Correspondingly,  with  the 
total  energy  of  each  electron  remaining  unchanged,  the  spread  in  the  longitudinal  velocities  of 
the  beam  electrons  increased  substantially.  With  the  axial  field  of  the  solenoid  ~12  kOe  and 
the  transverse  field  of  the  kicker  within  the  undisturbed  beam  radius  ~  1  kOe,  the  low-energy 
electron  fractions  (<150  keV)  were  cut  off  by  the  magnetic  plug.  Thus,  the  system  enhancing 
the  transverse  oscillator  velocity  played  the  role  of  a  magnetic  separator  that  cut  off  electrons 
having  energies  below  a  certain  energy.  As  a  result,  the  beam  having  passed  through  the 
kicker  carried  a  reduced  charge,  while  the  peak  current  of  the  beam  in  its  transportation  was 
much  more  abrupted  than  for  a  straightforward  beam,  and  the  dynamic  dispersion  of  the  bunch 
(spreading  in  time)  became  more  significant  (Fig.  5).  These  factors  are  important,  for  instance, 
in  analyzing  the  operating  modes  on  electron  hyporesonance  microwave  devices  with  a  short 
beam  and,  in  particular,  in  developing  criteria  for  the  evaluation  of  their  efficiency. 

During  the  transportation  of  a  beam  carrying  a  current  (I  ~  IkA,  j  ~  10'’ A/cm^)  an 
additional  (  up  to  ~  1 .5-fold)  acceleration  of  some  part  of  electrons  took  place  that  depended 
on  the  drift  length  (Fig.  6a).  These  data  have  been  obtained  on  analyzing  the  depth  to  which 
the  dozimetric  films  were  shot.  The  mechanism  for  this  additional  acceleration  might  be  the 
self-acceleration  of  some  electrons  in  the  field  of  the  space-charge  wave  generated  in  the 
dense  electron  flow.  The  numerical  simulation  has  confirmed  these  results  and  has  shown  that 
the  z-component  of  the  electric  field  wave  may  reach  values  of  some  tens  of  kilovolts  per 
centimeter  and  that  the  most  high-energy  electron  fraction  is  localized  at  the  beam  front.  The 
experiment  and  the  numerical  simulation  have  also  shown  that  the  energy  increment  for  the 
additionally  accelerated  electrons  depends  on  the  beam  current  at  the  drift  chamber  inlet  (Fig. 


Fig.  4.  Current  amplitude  drop  and  temporal  dispersion 
of  a  noncollimated  subnanosecond  annular  e- bunch, 
obtained  experimentally  (a);  the  same  traces  simulated 
numerically  (b);  the  behaviour  of  strongly  collimated 
e-bunch  observed  in  experiments  (c).  All 
measurements  and  calculations  were  done  for  various 
axial  points  (Z)  in  the  drift  chamber. 
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6b).  This  is  quite  clear  since  the  amplitudes  of  the 
space-charge  wave  fields  should  be  determined  by  the 
electron  flux  density. 


Thus,  the  dynamics  of  a  straightforward 

magnetized  high-current  electron  beam  of 

subnanosecond  duration  has  been  studied  by  a 
numerical  simulation  and  experimentally.  The 

experiment  and  the  simulation  have  given  a  good  fit  of 
the  results  and  have  demonstrated  that  in  transporting  a 
subnanosecond  bunch  in  a  drift  chamber  it  is  possible 
to  attain  a  substantial  additional  acceleration 

(self-acceleration)  of  some  part  of  the  beam  electrons. 
The  degree  of  acceleration  depends  on  the  beam 
current.  Strong  collimation  of  a  short  magnetized 
annular  beam  emitted  by  an  explosive-emission  cathode 
transforms  the  current  pulse  and  changes  substantially 
its  energy  structure. 


Fig.  5.  Traces  of  the  beam  current 
obtained  at  different  distances  from 
the  kicker’s  impacting  coils  (a:  2.5 
cm;  b:  23  cm)  with  an  intense 
artificial  enhancement  of  the 
transverse  velocity.  Axial  field  =  12 
KOe.  Transverse  field  of  the  impact 
coil:  1-0  kOe;  2  -  0.75  kOe;  3  - 
0.9  kOe;  4  -  1.25  kOe.  Injected 
current:  500  A  (a;  b). 
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peak  beam  current  (numerical  simulation). 
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ABSTRACT 

Direct  experimental  estimate  of  the  upper  limit  of  the  d  d  ^He  +  n  cross-section  at 
deuteron  energies  below  the  keV  region  is  obtained  for  the  first  time.  The  experiment 
was  performed  at  the  Pulsed  Ion  Beam  Accelerator  of  the  High-Current  Electronics  Insti¬ 
tute  in  Tomsk,  using  high  intensity,  radially  converging  deutron  beams,  generated  during 
implosion  of  liner  plasma.  A  two-jet  liner  made  of  17%D2  +  83%A^2  g^s,  was  used,  with 
the  inner  jet  serving  as  a  target.  The  dd-fusion  neutrons  were  registered  by  time-of-flight 
scintillator  spectrometers  and  BFs  detectors  of  thermal  neutrons  placed  in  polyethylene 
moderator.  The  upper  limit  obtained  for  the  d  d  ^IIe  +  n  cross-section  for  deuteron 
energy  440  eV  is  (j  <  2  •  at  90%  confidence  level.  The  result  demonstrates  that 

liner  implosion  technique  can  be  used  in  the  investigations  of  nuclear  reactions  between 
light  nuclei  at  infra  low  energies,  previously  not  accessible  in  experiments  with  classical 
beam  accelerators. 

INTRODUCTION 

The  investigation  of  nuclear  fusion  of  light  nuclei  in  the  sub-keV  region  may  provide 
important  knowledge  about  strong  interactions  in  this  energy  region,  such  as  verification 
of  their  fundamental  symmetries  (charge  symmetry,  parity,  etc.).  At  present,  only  data 
on  np,  nd  and  nHe  scattering  lengths  in  different  spin  states  exist;  while  their  proton 
counterparts,  scattering  phases  and  probabilities  are  missing.  Several  other  problems  are 
of  a  significant  interest  too,  like  existence  of  weakly  bound  states  or  resonances  in  few 
body  hadronic  systems  and  the  contribution  of  meson  exchange  currents  in  the  radiative 
capture  p  +  d  — +  q  [1].  The  characteristics  of  nuclear  reactions  in  the  sub-keV  region 
are  also  needed  for  answering  a  number  of  questions  in  astrophysics.  For  example,  in  the 
analysis  of  abundance  of  light  nuclei  in  stars  and  the  Galaxy,  the  extrapolated  values  of 
the  cross-sections  for  nuclear  reactions  are  used,  which  require  assumptions  about  absence 
of  resonances  or  any  anomalies  in  the  scattering  amplitudes  in  the  low-energy  region  [2]. 
The  measured  values  of  the  cross-sections  between  p,  d  and  t  nucleis  did  not  exceeded  of 
10“^^  [3]. 

Investigation  of  these  reactions  at  lower  energies  using  classical  accelerators  is  difficult, 
if  not  impossible,  because  the  beam  intensities  are  too  low  to  measure  cross-sections  of 
the  order  10”^^  —  as  they  are  predicted  by  the  theoretical  estimates  [4]. 

In  Refs.  [5]  a  method  of  measuring  nuclear  cross-sections  at  ultra-low  energies  was 
proposed,  using  high-intensity,  radially  converging  ions  beams  generated  during  plasma 
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liner  implosion.  At  energies  under  consideration,  the  number  of  particles  per  pulse  is  then 
of  the  order  of  10^*^,  which  may  enable  one  to  substantially  decrease  the  lower  limit  of 
energies  at  which  the  cross-sections  are  measured,  and  reach  values  in  the  range  10“^®  — 
cm^. 

The  goal  of  this  work  was  to  measure  the  cross-section  of  neutron  yielding  c/d-reaction 
at  average  deuteron  energy  of  about  440  eV  using  the  Z-pinch  approach. 

METHOD  OF  MEASUREMENT 

The  liner  is  formed  as  a  hollow-cylinder  gas  jet  by  ultrasonic  deuterium  gas  puff  injected 
into  vacuum  through  annular  Laval  nozzle  with  electromagnetic  valve.  Subsequently, 
a  high-voltage  ionizing  pulse  is  applied  to  the  liner,  and  the  deuterons  are  accelerated 
towards  the  axis  by  the  magnetic  field  of  the  liner’s  electric  current.  In  the  final  stages  of 
compression  the  ions  collide  with  sub-keV  energies  in  the  axis  region.  In  such  process  the 
energy  fluctuations  of  the  accelerated  deuterons  in  the  final  stage  of  compression  amount 
to  about  20%. 

There  are  several  difficulties  inherent  in  the  proposed  method.  The  main  one  is  due 
to  plasma  instabilities  in  the  final  stage  of  liner  compression  which  lead  to  appearance 
of  deuterons  with  energies  up  to  several  hundreds  keV.  Because  at  20-300  keV  the  cor¬ 
responding  cross-sections  are  of  the  order  oi  10~^^  —  10  cm^,  the  background  of  such 
events  may  be  comparable  with  the  signals  ^troni  reactions  in  the  investigated  energy 
range.  There  are  two  possibilities  to  overcome  this  difficulty.  The  first  possibility  is  to 
stabilize  the  liner  by  external  axial  magnetic  field,  as  described  in  [6].  The  second  one  is 
based  on  inserting  a  solid-state  rod  of  a  finite  diameter  co-axially  with  the  liner  [7].  In  this 
way  maximum  compression  is  not  achieved  (compression  factors  less  than  10)  and  plasma 
instabilities  do  not  develop.  If  the  rod  contains  deuterium  (eg.  deuterized  poliethylene) 
it  can  serve  as  a  target  at  the  same  time. 

Alternatively,  one  can  inject  a  thin  annular  stream  of  gas  containing  deuterium  along 
the  rod  surface.  In  this  method  the  rod  provides  only  a  limitation  of  the  inner  diameter 
of  the  final  compression  zone  and  the  material  it  is  made  of,  is  not  critical.  This  approach 
has  been  used  in  the  present  experiment. 


THE  EXPERIMENT 

The  experiment  was  performed  in  the  Institute  of  High  Current  Electronics  of  the  Siberian 
Branch  of  the  Russian  Academy  of  Sciences  using  the  high-current  nanosecond  ion  accel¬ 
erator  with  the  characteristic  parameters:  Imax  —  750  kA,  Umax  —  700  kV  and  current 
pulse  duration  r  =  60  ns.  The  experimental  set-up  included  a  high-power,  high-current 
nanosecond  generator,  a  load  unit,  and  a  registration  system  of  dd-reaction  products.  The 
inner  gas  jet  of  the  two-jet  liner  served  as  a  target.  The  dd-fusion  neutron  detection  sys¬ 
tem  consisted  of:  (a)  time-of-flight  scintillator  spectrometers  (4  units),  and  (b)  thermal 
neutron  detectors  filled  with  BF3  placed  in  polyethylene  moderator  (6  detectors).  The 
scintillator  detectors  were  100  x  100  x  750  mm  parallelepipeds,  viewed  by  two  photomul¬ 
tipliers  XP-2020.  The  diagnostics  set-up  for  controlling  liner  acceleration  included:  a  soft 
X-ray  detector,  photoelectron  recorder  with  image  intensifier  and  a  dB/dt  probe. 

With  this  experimental  set-up  the  cross-section  for  dd-fusion  neutron  channel  is  given 
by; 


^dd 


Nn 


(1) 
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where  Nn  is  the  number  of  registered  neutrons,  Id  is  the  total  number  of  accelerated 
liner  deuterons  hitting  the  target,  iit  is  deuteron  tcvrget  densit}',  d  is  deuteron  range  in 
the  target  and  €n  is  neutron  registration  efficiency.  The  value  of  Id  is  determined  by 
the  energy  characteristics  of  the  generator,  the  efficiency  of  the  generator-to-liner  energy 
transfer  and  the  final  liner  velocity.  In  the  zero-dimensional  model  of  liner  compression 
Id  can  be  determined  using  the  expression  for  the  specific  liner  mass,  per  unit  length 

M  =  2xlO'"/'Mn(i?/r)/i)^  (2) 

where  I  is  accelerator  current  in  MA,  v  is  liner  velocity  at  the  final  compression  stage  (in 
cm/s),  and  i?,  r  are  initial  and  final  liner  radii,  respectively. 

The  investigation  was  preceded  by  a  methodical  experiment  aimed  at  testing  the  per¬ 
formance  of  the  nuclear  registration  equipment  exposed  to  intensive  7-ray  radiation  and 
strong  electric  and  magnetic  fields  arising  from  the  operation  of  the  high-current  acceler¬ 
ator.  For  this  purpose,  two  different  liner  gases  were  used:  helium  and  deuterium.  The 
time  of  maximum  implosion  was  60-100  ns  for  both  liners.  In  the  absence  of  high  voltage 
at  the  photomultipliers  the  noise  level  did  not  exceed  10  mV. 

In  the  next  stage,  the  X-ray  load  of  neutron  detectors  from  the  intensive  bremsstrahlung 
in  the  liner  was  investigated.  During  the  shot  (discharge  of  the  accelerator)  the  signal  from 
the  unscreened  neutron  scintillation  detector  had  the  amplitude  of  about  20  V  and  was 
about  40  ns  long.  As  could  be  expected,  the  time  of  appearance  of  the  signal  corresponded 
to  helium  liner  compression  stage.  Subsequently,  the  detector  was  surrounded  by  a  5  cm 
layer  of  lead,  which  practically  eliminated  the  X-ray  load.  This  enabled  us  to  strictly 
identify  signals  from  dd-fusion  neutrons  (for  the  deuterium  liner).  In  order  to  suppress 
the  X-ray  background  in  the  thermal  neutron  detectors  a  1.2  cm  layer  of  lead  was  used. 

Further  investigation  of  liner  compression  dynamics  allowed  us  to  choose  the  working 
conditions  such  that  the  yield  of  dd-fusion  products  due  to  Z-pinch  instabilities  was  signif¬ 
icantly  below  the  sensitivity  threshold  of  the  detection  system.  For  this  purpose  a  two-jet 
system  was  used  with  17%D2  +83%N2  gas  mixture  as  a  liner.  The  outer  jet  constituted 
a  hollow  gas  cylinder  with  an  outer  diameter  of  27  mm  and  thickness  of  3  mm.  The  inner 
nozzle  formed  a  gas  puff  with  an  outer  diameter  of  13  mm  around  a  stainless  steel  rod,  9 
mm  in  diameter,  placed  coaxially  with  the  liner. 

The  liner  mass  was  33  /ug,  which  corresponded  to  the  total  number  of  2.8T0^^  deuterons 
in  one  shot.  The  average  deuteron  energy  was  <  Ed  >~  440  eV  (the  average  energies  in 
the  individual  shots  ranged  between  300  eV  and  620  eV).  The  total  target  mass  was  102 
fig,  which  corresponded  to  9.1  x  10^^  deuterons.  The  total  neutron  registration  efficiency 
was  2.1  X  10“"^  and  the  neutron  registration  threshold  of  the  scintillation  detectors  0.25 
MeVee  (in  light  —  equivalent  electron  energy  units).  In  course  of  the  experiment  the 
spectrometers  were  periodically  calibrated,  using  the  standard  7-sources  ^^Co  and  ^^^Cs. 
Additionally,  check-outs  of  the  registration  equipment  were  done  after  every  five  shots,  on 
average,  with  the  17%D2  +  83%N2  mixture  by  making  a  shot  with  pure  deuterium  and 
the  coaxial  rod  removed.  In  such  shots  intensive  neutron  fluxes  were  observed  (10^  —  10' 
neutrons  per  pulse),  originating  from  the  high  energy  deuterons  due  to  liner  instabilities. 

The  actual  experimental  sample  consisted  of  52  shots  with  the  two-jet  17%D2  +  83%N2 
gas  liner  and  the  limiting  rod  inserted.  One  neutroji  Wcis  observed  during  all  run.  In  this 
way,  we  have  obtained  the  upper  limit  a  <  2  •  10"^^  cm^  for  the  d  +  d  ^  '^He  +  n 
cross-section  at  average  deuteron  energy  of  440  eV  with  90%  confidence  level. 
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SUMMARY 

A  direct  experimental  estimate  of  the  upper  limit  lor  the  d  +  f/  — »•  e  +  cross-section 

at  sub-keV  deuteron  energies  was  obtained  for  the  first  time.  The  estimate  obtained  lor 
<  E’d  >=  440  eV  a  <  2  •  10“^^  cm^  shows  that  the  proposed  method  of  investigation 
of  strong  interactions  can  provide  more  constrained  information.  The  presently  obtained 
upper  limit  is  still  significantly  higher  than  the  theoretical  estimates.  However,  realistic 
possibilities  exist  to  bring  this  limit  down  by  several  orders  of  magnitude. 
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The  problem  of  the  development  of  nuclear  power  engineering  has  gained  renewed 
interest  through  studies  on  different  options  to  satisfy  a  huge  need  in  the  energy  of  the  future. 
Nuclear  power  characterised  by  a  high  concentration  of  energy  per  unit  of  fuel  mass  can  meet 
this  demands.  One  of  promising  nuclear  power  installations  is  the  Accelerator  Driven 
Systems  (ADS)  based  on  using  of  high  energy  accelerators  and  subcritical  target/blanket 
system.  ADS  can  be  used  [1]: 

-  to  produce  thermal  (electric)  power; 

-  to  produce  tritium  for  fusion  reactors; 

-  to  transmute  long-lived  radioactive  wastes; 

-  to  incinerate  weapon  and  commercial  plutonium 

ADS  are  the  safety  and  reliability  of  operating  ones  as  the  subcritical  systems,  satisfy 
the  principles  of  nuclear  non-proliferation  and  anti-terrorism. 

The  process  of  interaction  of  high  energy  particles  with  the  matter  is  an  extremely 
complicated  process  involving  the  participation  of  a  large  number  of  various  particles  [2,3]. 
The  projectile  particle  interacts  with  nucleus  through  the  series  of  inelastic  and  elastic 
collisions  what  is  called  internuclear  cascade  (in  the  matter  it  is  called  intranuclear  one).  Fast 
nucleons  are  emitted  from  the  nucleus  and  then  high  energy  fission,  evaporation  of  n,  p,  d, 
^He,  '*He,  y-quantum  takes  place  in  de-excitation  process  from  the  nucleus.  The  charged 
particles  lost  their  energy  for  ionization  processes  and  the  main  multiplying  component 
becomes  the  neutrons.  It  is  known  that  the  number  of  neutrons  in  the  nuclear  reactors  is 
limited  («  2.7  per  one  fission).  In  the  ADS  it  is  possible  to  receive  much  more  per  one  particle 
of  the  beam.  Fig.l  shows  as  atomic  weight  of  accelerated  particle  increases  the  number  of 
neutrons  and  their  energy  (Fig.  2)  rises  too.  Thus,  larger  number  of  neutrons  will  be  created  in 


aO 

P 


-H 


zo  o 


dr 


Fig.  1 


The  dependence  of  the  number  of  secondary  neutrons  (per  one  particle  of  a  beam)  N„  from  atomic 
weight  of  nuclei-targetzl  for  p,  d,  and  ‘'He  beams  with  1  GeV/nucleon  energy 
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Fig.2 

The  dependence  of  the  average  neutron  energy  E„  from  atomic  weight  of  nuclei-target  ^  for  p,  d,  and 

''He  beams  with  1  GeV/nucleon  energy 

next  collisions  that  is  the  energy  cost  of  electronuclear  neutrons  will  be  smaller  then  for 
proton  beam.  As  can  be  seen  from  Fig.  3,  the  relative  ionization  loses  are  smaller  for 
deuterons  and  a-particles  than  for  protons  [4].  Therefore,  using  of  light  nuclei  (d  or  He) 
could  improve  neutronics  of  Accelerator  Driven  Systems. 


Fig.3 

The  relative  ionization  loses  of  the  energy  in  Pb: 
- d, - a-particles, - p-beams. 


Physical  analysis  of  the  potential  of  Accelerator  Driven  Systems  we  demonstrate  on 
the  Accelerator  Molten  Salt  Breeder  (AMSB)  consisting  of  high  energy  accelerator  (proton, 
deuterium  and  '*He  nuclei)  and  molten  salt  fluoride  target/blanket  (R  =  4.5  m  and  D  —  6  m), 
heat  exchanger  and  power  generator.  It  is  used  the  fuel  composition  LiF  -  BeFj  -  ThF4  (64- 
18-19  mol.  %).  The  calculations  of  the  physical  characteristics  of  AMSB  were  carried  out  by 
the  method  developed  in  the  works  [2,3].  It  is  assumed  that  the  beam  power  is  constant  and 
equal  300  MW,  i.e.  per  one  nucleon  of  projectile  nuclei  with  1  GeV  energy.  In  the  Table  are 
shown  the  results  of  the  calculations.  As  can  be  seen,  the  replacement  of  proton  beam  to 
d-beam  permits  to  increase  neutron  generation  to  «  24  %  and  ''He-beam  increases  it  to 
»  14  %.  These  neutrons  have  higher  average  energy  in  comparison  of  neutrons  produced  by 
proton  beam.  It  could  be  necessarily  noted  that  using  of  deuteron  beam  leads  to  the  same 
increasing  of  the  number  of  generated  neutrons  as  addition  of  0.5  mol.%  UF4  in  the  fuel 
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composition  LiF  -  BeF2  -  ThF4  (64-18-18)  and  using  of  a-particles  instead  of  protons  is 
analogous  to  addition  of  1  moLVo  of  ^^^UF4.  Amount  of  unloading  rises  from 
»  480  kg/year  to  »  570  kg/year  for  d-beam  and  «  590  kg/year  for  ‘*He.  At  the  same  time  the 
thermal  power  generated  in  the  target/blanket  increases  by  »  1,2  -  1,3  times  for  d-  and 
a-particle  beams  in  comparison  of  proton  beam. 


Table  1.  The  neutronic  characteristics  of  AMSB  versus  the  kind  of  the  beam 


The  characteristie 

d 

^He 

The  particle  energy,  GeV/nucleon 

1 

1 

1 

The  beam  power,  MW(th) 

300 

300 

300 

The  number  of  second  neutrons  per  1  particle  of  beam,  Nn 

26.2 

64.7 

118.6 

The  average  energy  of  second  neutrons,  £„  MeV 

17.7 

24.3 

28.2 

Multiplication  factor;  ketr 

0.026 

0.026 

0.026 

beginning/1  year 

0.346 

0.404 

0.567 

Production  rate  of  U,  kg/year 

480 

570 

590 

Thermal  power  (the  average  for  1  year),  MW  (th) 

330 

400 

420 

Conclusion 

The  prospects  of  using  of  light  nuclei  accelerators  (d-  and  a-particles  beams  in 
Accelerator  Driven  Molten  Salt  Breeder  for  the  production  of  U  and  thermal  power  is 
shown  without  a  discussion  of  the  problems  of  their  construction  and  design.  The  replacement 
of  the  proton  beam  by  deuterium  or  a-particles  ones  allows  to  reduce  the  energy  cost  of  one 
neutron  from  11.5  MeV  up  to  9.3  -  10  MeV,  to  increase  the  number  of  neutrons  per  one 
particle  of  the  beam  and  their  average  energy.  It  leads  to  gain  of  fissile  nuclei  and  thermal 
power  production  in  AMSB  by  «  1 .2  -  1 .3  times. 
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Abstract 

The  explosive  opening  switch  (EOS)  used  in  explosive-driven  magnetic-flux  compression  generator 
(EMCG)  circuits  is  investigated.  It  is  shown  that  (1)  under  certain  conditions,  the  EOS  voltage  is  hardly 
dependent  on  the  sizes  of  the  explosive  and  aluminium  foil  used  in  EOS;  (2)  with  the  explosive  coated  by  an 
insulator  pipe,  the  opening  effect  of  EOS  is  better;  (3)  by  use  of  EOS,  a  pulse  with  5  kA  current,  100  kV  voltage 
and  250  ns  risetime  has  been  transferred  into  a  resistance  load. 

Introduction 

Explosive-driven  Magnetic-flux  Compression  Generators  (EMCG)  provide  for  the  generation  of  large 
amount  of  energy  compactly  stored  in  a  magnetic  field.  Opening  switches  for  use  in  EMCG  circuits  allow  the 
energy  to  be  used  for  applications  requiring  higher  power  than  that  can  be  developed  by  the  EMCG  themselves. 
For  use  in  EMCG  circuits,  Explosive  Opening  Switches  (EOS)  offer  some  important  advantages.  Explosive- 
driven  opening  switches  operate  on  command,  can  be  made  to  conduct  for  extremely  long  time,  and  have  energy 
available  for  the  opening  process  that  can  be  large,  compared  to  the  electrical  energy  of  the  circuit  [1].  So  more 
and  more  attention  has  been  attracted  to  the  investigation  of  EOS. 

In  this  paper,  the  experiment  of  a  type  of  EOS  is  described.  These  switches  ate  well  suited  to  EMCG 
circuits  and  can  transfer  considerable  pulsed  power  into  a  resistance  load. 


Experiments  and  Results 


1  EOS  Structure 

EOS  investigation  was  carried  out  by  use  of  the 
model,  the  design  of  which  is  given  in  Fig.  1.  The  system  of 
explosive  charge  (1)  initiation  ensured  nonsimultaneity  of 
the  detonation  front  outlet  on  the  surface  of  aluminium  foil 
(2)  not  exceeding  0.  05  ps.  The  ribbed  barrier  (3)  was  made 
of  Teflon  with  the  rifling  parameters  2  x  2  x  21.  The 
switches  were  powered  from  the  condenser  bank  and  EMCG 
in  different  experiments,  respectively. 

2  Changing  Size  Experiment 

In  order  to  investigate  the  effect  of  different  sizes  of 
explosive  and  aluminium  foil  on  EOS  opening,  the 
‘Changing  Size  Experiment'  was  carried  out. 

The  principle  circuit  of  the  experiment  is  shown  in 
Fig.  2.  The  scheme  operates  in  the  following  way.  As  soon 
as  the  current  in  the  storage  inductance  L  achieves  the 
maximum,  the  EOS  is  activated,  then  the  current  is 
interrupted  and  the  high  voltage  is  produced. 

The  current  and  voltage  were  measured  with 
Rogowski  coil  and  voltage  divider,  respectively. 

Fig.  3  gives  the  current  and  voltage  waveform  of  EOS 
with  the  aluminium  foil  of  thickness  J  =  0. 1  mm,  width  a  = 
36  mm  and  the  cylindric  explosive  of  diameter  =  50  mm. 


1  -  Cylindric  explosive  charge 

2  -  Aluminium  foil 

3  -  Ribbed  barrier 

Fig.  1  EOS  structure 


This  Fig.  indicates  that;  at  the  quarter  period  of  the  LCR 
discharge  (204  ps)  the  discharge  current  reaches  maximum 
4  =  39.  8  kA,  and  the  EOS  starts  to  be  activated,  then  the 


Fig.  2  The  principle  circuit  of  the  'Changing  Size 
Experiment' 


voltage  pulse  with  the  magnitude  Vs  =  44  kV  and  the  risetime  -  1 .96  ps  is  produced. 


Changing  the  aluminium  foil  thickness  to  d  =  0.3  mm,  we  get  the  current  and  voltage  waveform  as  shown 


in  Fig.  9.  This  Fig.  shows  that  the  current  4  =  40  kA,  the  voltage  Vs  =  42  kV  and  the  voltage  risetime  z^  =1 .5  ps. 
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Fig.  3  The  cun'ent  (above)  and  voltage  (below)  waveform  of 
EOS  with  b=0.1  mm,  a=36mm  and  d=50  mm 


Fig.  4  The  current  (above)  and  voltage  (below)  waveform  of 
EOS  with  b=0.3  mm  a=36mm  and  d=50  mm 


Comparing  Fig.  4  with  Fig.  3,  we  find  that  the 
change  of  the  foil  thickness  under  the  same  experiment 
conditions  has  little  effect  on  EOS  voltage  and  voltage 
risetime. 

Keeping  S  the  same  as  that  in  Fig.  3  and  changing 
the  cylindric  explosive  diameter  to  d  =  100  mm,  we  get 
the  voltage  waveform  as  shown  in  Fig.  5. 

This  Fig.  shows  Ky  =90  kV  and  =1.55  ps,  and 
implies  that  the  change  of  the  cylindric  explosive 
diameter  has  little  effect  on  EOS  opening. 


3  Insulator  Pipe  Experiment 

When  the  EOS  was  powered  from  an  EMCG,  an 
experiment  on  the  EOS  was  made  with  the  explosive 
coated  by  a  polyvinyl  chloride  (PVC)  insulator  pipe. 

The  experiment  principle  circuit  is  shown  in  Fig.  6,  where 
Lg(t)  is  the  variable  inductance  of  EMCG,  L  the  storage  inductance 
in  EMCG  circuit. 

Fig.  7  gives  the  current  and  voltage  of  EOS  with  ^  =  0.1 
mm,  a  =  36  mm  aluminium  foil  and  <a^=  50  mm  explosive  coated  by 
a  PVC  pipe  of  thickness  -  8  mm  and  height  -  87  mm. 

This  Fig.  indicates  that  when  EMCG  completes  operation 
and  the  Lg(t)  approaches  zero,  the  current  reaches  maximum  4  = 
23  kA,  and  EOS  starts  to  open.  Then  the  voltage  with  100  kV 
and  Z;.  =1.05  ps  is  obtained. 


Fig.  5  The  voltage  waveform  of  EOS  with  5-0.1  mm, 
a=36  mm  and  d=100  mm 

L 
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2  /jH 


L,(t) 


EOS'v 


Fig.  6  The  principle  circuit  of  the'  Insulator 
Pipe  Experiment' 


Fig.  7  The  current  (above)  and  voltage  (below)  of  EOS  Fig.  8  The  current  (above)  and  voltage  (below)  of  EOS 

with  a  PVC  pipe  without  a  PVC  pipe 

Fig.  8  shows  the  current  and  voltage  waveform  of  EOS  without  a  PVC  pipe.  The  Fig.  gives  =  15  kA, 
Vs  =  50  kV  and  =1 .5  ps. 
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In  order  to  compare  the  EOS  effects  with  and  without 
PVC  pipe  conveniently,  the  EOS  resistance  is  defined  as 
F5/O.6I  lo  [2].  From  Fig.  7  with  PVC  pipe,  R,  ^  7.  12  Q  and 
dRJdt  =  RJ'Cr  ^  6.78  Q/ps.  And  from  Fig.  8  without  PVC 
pipe,  /?,  =  5.46  Q  and  dRJdt  =  3.64  Q/ps. 

The  comparison  indicates  that  the  opening  effect  of 
EOS  with  PVC  coating  pipe  is  better  than  that  without  PVC 
coating  pipe.  The  possible  reason  is  that  when  EOS  operates 
without  PVC  coating  pipe,  there  exists  the  effect  of  rare  wave 
on  EOS. 

4  Resistance  Load  Experiment 

Based  on  the  'Insulator  Pipe  Experiment' ,  the  EOS  experiment  was  carried  out  with  a  spark  closing  switch 
and  a  resistance  load  as  shown  in  Fig.  9,  where  Lg(i)  and  L  were  mentioned  above,  R^  and  Rjy  are  the  resistances 
of  EOS  and  load,  and  Li  are  the  spray  inductances  of  connecting  cable  of  EOS  and  load  ,  respectively. 

The  current  and  voltage  waveform  of  EOS  with  the  same  parameters  as  Fig.  7  is  given  in  Fig.  10.  From 
this  Fig.,  the  4  =  33  kA,  =120  kV  and  r,  =  554  ns. 

Fig.  1 1  gives  the  current  and  voltage  of  the  load.  The  Fig.  shows  the  F/  =100  kV,  //  =5  kA,  and  v  “250  ns 
(voltage  tisetime) 


Ri 


Fig.  9  The  principle  circuit  of ‘Resistance  Load 
Experiment’ 
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Fig.  10  The  current  (above)  and  voltage  (below)  waveform 
of  EOS  in  the  'Resistance  Load  Experiment' 
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Fig.  11  The  current  (below)  and  voltage  (above)  of  the 
resistance  load. 


Analysis  and  Discussion 

1  Electric  Exploding  and  Breakdown  Strength 

From  the  results  of 'Changing  Size  Experiment'  ,  it  is  found  that  the  EOS  opening  effect  has  little  relation 
to  the  aluminium  thickness  and  the  explosive  diameter.  The  phenomena  imply  that  (1)  the  electric  exploding  does 
not  affect  the  EOS  opening  and  (2)  the  explosive  products  have  high  enough  breakdown  strength. 

According  to  Ref  [3],  when  the  cross  section  of  the  foil 

.4«/(o=  /:/oTeq"-  (1) 

the  electric  exploding  will  greatly  affect  switches  opening,  where  is  'equivalent  action  time  scale',  /„  the 
current  in  circuit  before  the  start  of  interruption,  A:  =  4.  5' 1  O’’  (corresponding  to  aluminium)  a  constant. 

In  our  experiment,  we  can  get  =  1 .087  mm",  and  A  =  3.6  mm"  (Fig.  3),  10.8  mm"  (Fig.  4),  respectively. 
It  is  evident  that  A»Ao,  hence  the  electric  exploding  offers  little  effect  on  EOS  opening. 

Pavlovskii  estimated  the  breakdown  strength  for  the  explosive  products  to  be  £b  =100  kV/cm  [4].  In  our 
experiment,  the  maximum  electric  field  strength  in  EOS  was  only  £,  =  10  kV/cm.  So  the  breakdown  did  not 
happen  and  EOS  opening  effect  was  not  affected  by  the  change  of  the  explosive  diameter. 

2  EOS  Resistance  and  Rise  Ratio 

From  the  experiment  circuit  shown  in  Fig.  9,  we  can  get  the  equivalent  circuit  similar  to  'transformer  T 
equivalent’  as  shown  in  Fig.  12. 
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For  convenience,  we  designate 

L I  —  L 

L2  ~  L 

M  =  L 

and  define  the  equivalent  coupling  coefficient 

K^c  =  Ml  4^. 

the  equivalent  turn  ratio 

=  ^L\l  hi 


According  to  Ref  [2],  the  maximum  of  resistance  load 
current 


/;,  =  O.614/C,^/A,^(l+r)0 


(5) 


Fig.  12  The  T  equivalent  circuit  of 'Resistance  Load 
Experiment' 


where  r  is  the  dimensionless  ratio  of  load  resistance  to  maximum  switch  resistance  scaled  by  the  equivalent  turns 
ratio 


r  =  RitRs  Neg- 

Q  =  4-4ril-K}g)/(l  +  ry 


(6) 

(7) 


From  the  experimental  parameters  and  results  4  =  33  kA,  //  =  5  kA,  4  ^  pH,  1/  =  3  pH,  L  =2  pH,  /?y  =  20  Q, 
we  can  get  K^g  =  0.56,  N^g  =  2  and  the  maximum  switch  resistance  4  ~  ^  5  Q. 

It  is  well-known  that  the  switch  resistance  before  the  start  of  interruption 

Ro=p-^  (8) 

oxa 


where  p  is  the  aluminium  resistivity,  L,  S,  and  a  are  the  length,  thickness  and  width  of  the  broken  aluminium  foil. 
In  the  experiment,  /?=  2.5- 10"^  Qmm,  5=  0.1  mm,  a  =36  mm,  /=  50  mm,  we  can  get 

4  =  0.347  mQ  (9) 

Therefore  the  switch  resistance  rise  ratio  (defined  as  Mf  = 

Mf=  1.410'^  (10) 

These  results  are  in  good  agreement  with  Ref  [5]. 


Conclusion 

According  to  the  experimental  results  and  discussion  above,  we  can  conclude  that 

(1)  under  certain  conditions,  the  EOS  voltage  is  hardly  dependent  on  the  sizes  of  the  explosive  and 
aluminium  foil  used  in  EOS 

(2)  with  the  explosive  coated  by  an  insulator  pipe,  the  opening  effect  of  EOS  is  better,  the  possible  reason 
is  that  the  effect  of  the  tare  wave  on  the  EOS  is  deleted; 

(3)  by  use  of  EOS,  a  pulse  with  5  kA  current,  100  kV  voltage  and  250  ns  risetime  has  been  transferred 
into  a  20  Q  resistance  load.  This  result  implies  that  5  Q  EOS  resistance  and  10"^  order  resistance  rise  ratio  have 
been  obtained. 
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Abstract 

The  repetitive  stacked  Blumlein  pulse  power  generators  developed  at  the  University  of 
Texas  at  Dallas  (UTD)  consist  of  several  triaxial  Blumleins  stacked  in  series  at  one  end.  The 
lines  are  charged  in  parallel  and  synchronously  commuted  with  a  single  switch  at  the  other 
end.  In  this  way,  relatively  low  charging  voltages  are  multiplied  to  give  a  high  discharge 
voltage  across  an  arbitrary  load.  Extensive  characterization  of  these  novel  pulsers  have 
been  performed  over  the  past  few  years.  Results  indicate  that  they  are  capable  of 
producing  high  power  waveforms  with  risetimes  and  repetition  rates  in  the  range  of  0.5'50 
ns  and  1-300  Hz,  respectively,  using  a  conventional  thyratron,  spark  gap,  or  photoconduc- 
tive  switch.  In  this  report  we  review  the  progress  in  the  development  and  use  of  stacked 
Blumlein  pulse  generators.  The  technology  and  the  characteristics  of  these  novel  pulsers 
driving  flash  x-ray  diodes  are  discussed. 

Blumlein  Pulsers 

Design  and  construction  of  the  pulse  forming  system  for  the  Blumlein  generators 
were  given  elsewhere  [1-4].  Briefly,  a  single  Blumlein  pulse  generator  consisted  of  two 
critical  subassemblies:  (1)  a  single  Blumlein  pulse  forming  line,  and  (2)  a  commutation 
system  capable  of  operation  at  high  repetition  rates.  The  basic  organization  is  shown 
schematically  in  Fig.  1(a).  The  Blumleins  were  constructed  from  copper  plates,  potted  with 
epoxy  on  outer  surfaces  to  reduce  corona,  and  separated  by  laminated  layered  Kapton 
(polyimide)  dielectrics.  Scaling  of  these  devices  was  studied  by  the  construction  of  several 
separate  systems  with  different  lengths,  capacitances,  and  impedances.  All  Blumleins  had  a 
smooth  taper  which  increased  from  the  load  diode  end  to  the  thyratron  switching  end  as 
seen  in  Fig.  1(a). 

In  operation,  the  middle  conductor  was  charged  to  a  positive  high  voltage  which 
would  be  varied  to  75  kV,  and  commutation  was  effected  by  a  hydrogen  thyratron. 
Several  hydrogen  thyratrons  with  different  voltage  hold  off  characteristics  were  used. 
This  resulted  in  peak  voltages  available  at  the  load  which  spanned  the  range  from  5  to  100 
kV.  To  access  voltages  far  above  100  kV,  a  stacked  Blumlein  pulse  generator  was  designed 
and  constructed  [2-4].  It  consisted  of  three  separate  but  integrated  subassemblies:  (1)  the 
switching  assembly,  (2)  pulse  forming  Blumleins,  and  (3)  the  pulse  stacking  module.  The 
basic  organization  for  the  second  prototype  stack  Blumlein  pulse  generator  with  twelve 
Blumlein  lines  is  shown  in  Fig.  1(b). 


-928- 


P-3-59 


POTTED  OUTER  CONDUCTORS 


KAPTON  SHEATHED 
CENTER  CONDUCTOR 


Fig.  1  Schematic  drawings  of  the  high  repetition  rate,  Blumlein  pulse  power  generators. 

Extensive  characterization  of  this  prototype  pulse  generator  has  been  performed  in 
our  laboratory  [3-4].  Distortions  of  the  propagated  pulses  were  minimized  by  directly 
connecting  the  lines  to  the  thyratron  as  seen  in  Fig.  1(b).  The  use  of  a  single  switching 
element  allowed  the  device  to  be  operated  at  repetition  rates  to  200  Hz. 

The  pulse  forming  lines  were  constructed  from  3.7  m  long  sections  of  copper  plate. 
They  were  3.2  mm  thick  and  2.5  cm  wide  with  rounded  edges.  Two  2.3  mm  thick  Kapton 
insulator  plates  were  placed  along  the  length  between  the  copper  conductors.  These 
dielectric  sheets  were  1 5.2  cm  wide  to  prevent  electrical  breakdown  between  copper  lines. 
This  assembly  was  held  together  by  Delrin  presses  which  were  installed  and  tightened  around 
the  lines  at  30  cm  intervals.  Two  of  these  sections  were  set  on  each  shelf  and  a  carefully 
fabricated  u-turn  was  used  to  connect  them  together.  In  this  way,  twelve  Blumleins,  each 
with  a  length  of  8.2  m,  were  placed  on  the  shelves,  one  above  the  other.  At  one  end,  these 
lines  were  connected  to  the  vertical  thyratron  assembly,  and  at  the  other  end,  the  lines 
were  stacked  in  series  behind  the  thyratron  mounting  assembly,  as  seen  in  Fig.  1(b).  The 
Kapton  insulators  were  constructed  from  thirteen  0.127  mm  thick  Kapton  sheets.  They 
were  laminated  together  with  a  high  dielectric  epoxy.  The  thickness  of  these  boards  varied 
by  less  than  10%  over  their  entire  length.  This  construction  procedure  resulted  in  an 
impedance  of  40  Q  for  each  Blumlein.  Copper  foils  were  connected  to  the  ends  of  the  lines 
and  angled  together,  along  with  the  dielectric,  to  stack  directly  on  top  of  one  another. 
The  lines  were  then  connected  in  series  for  about  1 0  cm.  A  load  then  was  connected  to  the 
stacked  assembly. 

Flash  X-ray  Generation 

Blumlein  pulse  power  sources  developed  at  the  University  of  Texas  at  Dallas  were 
mainly  used  to  drive  x-ray  diode  loads.  The  diodes  were  designed  and  constructed  in  two 
configurations  for  low  and  high  voltage  pulsing  of  our  Blumlein  devices.  Figure  2, 
schematically  presents  the  diode  configuration  for  use  with  the  single  Blumlein  pulsers.  A 
diode  with  transmission  geometry  electrodes  was  used  with  the  stacked  Blumlein  pulsers  as 
seen  in  Fig.  3.  Reasonable  matching  of  these  heads  to  the  pulse  generators  allowed 
production  of  high  power  x-ray  pulses  with  durations  as  short  as  10  ns. 
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Figure  2.  Schematic  drawing  of  a  cross  section  of  the  x-ray  diode  used  with  the  single 
Blumlein  pulsers. 


KAPTON 

Figure  3.  Schematic  drawing  of  a  cross  section  of  the  x-ray  diode  used  with  the  stacked 
Blumlein  pulsers. 

Methods  of  x-ray  spectroscopy  inapplicable  for  single  shot  systems  were  used  to 
record  the  spectral  content  of  the  output.  Figure  3  shows  a  typical  spectral  distribution 
of  fluxes  emitted  from  x-ray  diodes  matched  to  the  single  line  and  stacked  Blumlein  pulse 
generators.  A  cylindrical  anode  and  a  bladelike  graphite  cathode  were  used  in  the  diodes 
matched  to  the  single  line  pulse  generators  as  seen  in  Fig.  2  [1].  With  this  type  of  diode 
geometry,  about  one-third  of  the  pulse  energy  appeared  in  the  x-ray  lines  of  the  anode 
material  as  seen  in  Fig.  4(a).  The  remainder  was  distributed  over  a  fairly  broad  band  of  the 
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true  continua  [2,3].  With  the  stacked  Blumlein  device  and  the  diode  configuration  of  Fig. 
3,  a  spectrum  was  accumulated  at  45  kV  of  charging  as  shown  in  Fig.  4(b).  It  was  a  true 
continuum,  peaking  at  intensities  of  5  x  10^  photons/keV/shot  and  contained  useful 
intensities  of  x-rays  of  up  to  350  keV.  Spectral  measurements  at  70  kV  of  charging 
voltage  indicated  that  the  output  peaked  at  an  intensity  above  5  x  lO^*^  photons/keV/shot, 
and  photons  were  produced  with  an  end  point  energy  in  excess  of  450  keV. 


a) 


Fig.  4  Typical  spectral  distribution  of  x-ray 
Spectrum  obtained  from  a  diode  matched  t 
Spectrum  obtained  from  a  diode  matched  to  th 


b) 


Photon  Energy  (keV) 


fluxes  emitted  from  a  tungsten  anode,  (a) 
)  the  single  Blumlein  pulse  generator,  (b) 
;  stacked  Blumlein  pulse  generator. 


Conclusion 

Flash  x-ray  systems  powered  by  the  Blumlein  pulse  generators  have  been  used  to 
excite  the  fluorescence  from  high-pressure  rare  gas  plasmas  [5].  The  deposition  of 
hundreds  of  millirads  of  x-rays  in  nanosecond  pulses  into  tens  of  atmospheres  of  argon  gas 
has  resulted  in  a  strong  excitation  of  the  VUV  spectra  that  depends  upon  the  generation  of 
highly  ionized  precursors  [5].  Our  own  application  concerns  the  use  of  these  flash  x-ray 
devices  to  excite  nuclear  transitions  where  the  ultimate  signal  to  noise  ratio  will  depend 
only  upon  the  total  radiation  that  can  be  delivered  to  an  extended  absorber  in  a  working 
period.  While  Blumlein  pulse  sources  have  been  mainly  used  to  generate  x-ray  pulses,  the 
diode  can  be  replaced  with  a  proper  load  for  a  variety  of  applications.  These  include 
different  types  of  high  power  microwave  (HPM)  loads,  laser  heads  to  allow  discharge 
pumping  of  appropriate  laser  medias,  and  e-beam  producing  loads. 
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ABSTRACT 

Inductive  energy  storage  (lES)  generator  has  long  been  considered  to  be  the  most  efficient  sj'stem  for 
energy  usage  in  large  pulsed  power  system  in  the  MA  level.  A  number  of  parameters  govern  the 
efficiency  of  energy  transfer  between  the  storage  capacitors  and  the  load,  and  the  level  of  current 
deliverable  to  the  load.  For  high  power  system,  the  energy  storage  capacitors  are  arranged  as  a  Marx 
generator.  The  primary  constraints  are  the  inductances  in  the  various  parts  of  the  circuit,  in  particular, 
the  upstream  inductance  between  the  Marx  and  the  POS,  and  the  downstream  inductance  between  the 
POS  and  the  load.  In  this  paper,  we  consider  the  effect  of  replacing  part  of  the  upstream  inductance 
with  a  transmission  line  and  introduce  the  new  concept  of  an  inductive  line  for  energy  storage  (ILES). 
Extensive  parametric  scans  have  been  carried  out  on  circuit  simulations  to  investigate  the  effect  of  this 
upstream  transmission  line.  A  model  is  developed  to  explain  the  operation  of  the  ILES  design  based  on 
the  data  obtained.  Comparison  with  an  existing  lES  generator  shows  that  the  ILES  design  offers  a 
significant  improvement  in  the  maximum  current  and  hence  energy  delivered  to  an  inductive  load. 

lES  Generator 

The  basic  circuit  of  an  idealized  lES 
generator  can  be  represented  by  the  circuit 
in  Fig.l.  Initially,  electrostatic  energy  is 
stored  in  the  capacitor  C^,  which  would  be 
disconnected  from  the  rest  of  the  circuit. 

At  t=0,  the  circuit  is  connected,  with  the 
switch  in  the  closed  position,  and  a 
sinusoidal  current  begins  to  flow  into  Lj 

through  the  switch.  After  a  certain  time  the  ^  Equivalent  circuit  of  an  ideal  lES  generator 

switch  changes  to  a  high  impedance  state 

and  opens  at  a  point  when  the  current  is  I^.  Current  now  flows  downstream  of  the  switch  into 
the  load  through  an  inductance  L2.  Consider  the  case  when  the  load  is  an  inductive  short 
circuit  with  negligible  inductance  Le  L2.  If  an  ideal  switch  is  assumed  with  zero  impedance 
in  the  closed  state  and  infinite  impedance  in  the  opened  state,  from  a  flux  conservation 
argument,  the  new  current  is  simply  Iq"  Ic*Li/(Lj+L2)  and  the  total  magnetic  energy  in  the 
circuit  is  then  Li/(Li+L2)  of  E^,  the  energy  stored  in  before  the  switch  opens. 

A  typical  plasma  radiation  source  (  PRS)  load  would  fit  in  well  with  the  above  assumption  of 
an  inductive  short  circuit,  with  an  initial  inductance  «  10  nH  for  a  high  power  system. 
During  the  course  of  energy  delivery,  the  plasma  structure  will  be  compressed  into  a  tight 
pinch  with  a  corresponding  increase  in  inductance.  Both  the  kinetic  energy  of  the  compression 
and  the  magnetic  energy  in  the  current  flowing  will  be  converted  to  radiation  upon  stagnation. 
The  compression  can  be  characterized  by  an  increase  in  inductance  of  Ll  =  AL  associated  with 
the  kinetic  energy,  E^.  Assuming  no  losses  and  flux  conservation,  the  fraction  of  energy 
delivered  to  the  increased  load  is  then  given  by  AL/(Li+L2+AL).  In  terms  of  the  original 
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energy  stored  in  L],  the  kinetic  energy  is  thus  E(,*[AL/(Li+L2+AL)*L|/(L]+L2)].  The 
current  at  the  time  of  peak  compression  II  is  then  given  by  Ic*[Lj/(Lj+L2+AL)]. 

The  power  gain  of  the  circuit  is  to  a  first  approximation  determined  by  the  time  compression, 
defined  as  the  ratio  of  the  conduction  time  when  the  switch  is  closed,  to  the  time  of  energy 
delivery  downstream.  For  a  PRS  load,  the  compression  time  is  matched  ideally  to  the  current 
risetime.  In  a  practical  circuit,  the  rate  of  rise  of  current  downstream  is  limited  by  the  finite 
opening  time  of  the  switch,  dR^/dt,  and  by  the  ratio  of  the  finite  voltage  at  the  switch  when  it 
opens  to  the  downstream  inductance  Vs/L2.  For  a  resistive  load  Rl  as  in  a  diode,  the  energy 
delivery  time  is  fiarther  limited  by  the  inductive  time  constant,  (L]+L2)/Rl. 

Despite  significant  advancements  in  the  understanding  of  the  physics  of  opening  switches,  the 
primary  constraint  in  an  lES  generator  design  is  still  considered  to  be  the  opening  switch.  The 
constraint  of  the  switch  exists  in  limiting  the  parameter  range  that  an  lES  generator  can 
function  and  thus  the  geometric  configuration.  This  is  particularly  true  for  multi-TW  systems, 
when  a  multi-module  approach  has  to  be  adopted.  However,  the  physical  limits  to  the 
efficiency  of  the  system  are  in  fact  in  the  inductive  components  in  a  practical  generator.  From 
the  discussion  in  the  last  section,  it  would  appear  straight  forward  to  reduce  the  downstream 
inductance  L2.  This  is  in  fact  not  feasible  in  a  large  system,  where  the  power  has  to  be  fed 
from  multiple  modules.  This  sets  the  physical  limit  as  to  how  close  the  opening  switch  can  be 
from  the  load,  and  hence  the  minimum  value  of  L2. 

The  major  limitation  in  the  design  of  very  large  lES  system  is  in  fact  in  Lj,  the  upstream 
inductance.  On  the  one  hand,  Lj  constitutes  the  energy  storage  inductance  during  the 
conduction  phase.  On  the  other  hand,  for  a  given  bank  capacitance,  Lj  sets  the  quarter  period 
when  the  initial  current  will  rise  to  the  maximum  and  hence  determines  the  conduction  time  of 
the  switch.  It  is  necessary  to  examine  which  elements  contribute  in  total  to  the  value  of  L|. 
The  capacitor  bank  is  composed  of  many  individual  capacitor  units  and  closing  switches,  each 
possesses  an  elemental  inductance.  The  interconnection  between  one  capacitor  and  the  next 
also  represents  an  inductance. 

Consider  a  given  unit  structure  element  of  a  capacitor  connected  through  a  switch  with 
elemental  capacitance  €„  and  inductance  Lj,.  The  quarter  period  of  this  structure  into  a  short 
circuit  is  then  given  by  7i/2(LnC„)‘'^2  poj-  a  bank  composed  of  N  such  units,  it  is  interesting  to 
note  that  this  value  of  the  quarter  period  is  unchanged  irrespective  of  whether  the  capacitors 
are  connected  all  in  parallel,  as  in  a  classical  capacitor  bank,  or  all  in  series,  as  in  a  Marx  circuit 
or  any  combination  of  series  parallel  units.  However,  the  largest  single  part  contributing  to  the 
upstream  inductance  is  in  the  connection  between  the  capacitor  bank  and  the  opening  switch. 
The  effect  of  this  inductance  L^.  is  to  dictate  a  series  connection  of  M  units  in  a  Marx 
configuration,  with  N/M  Marx  in  parallel  in  the  bank,  such  that  for  the 

shortest  possible  quarter  period.  The  limiting  value  of  M  is  often  set  by  the  voltage  breakdown 
constraint  as  the  output  voltage  of  the  bank  increases  and  by  the  desire  to  place  a  substantial 
part  of  the  energy  storage  inductance  inside  vacuum,  next  to  the  opening  switch. 

As  a  practical  example,  consider  the  lES  generator  GIT-4.  [1]  The  generator  has  a  primary 
capacitive  energy  storage  configured  as  36  Marx  units  working  in  parallel.  Each  unit  consists 
of  48  capacitors,  connected  as  a  12  stages  Marx  circuit  with  4  capacitors  in  parallel  per  stage, 
and  has  an  output  capacitance  of  0.133  pF  and  an  inductance  of  1.8  pH.  The  36  units  are 
placed  in  four  oil-filled  tanks.  The  energy  from  the  Marx  generators  is  transferred  to  the 
vacuum  insulator  through  four  oil-insulated  lines.  This  massively  parallel  design  results  in  an 
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inductance  Lj^  ~  100  nH  for  the  whole  generator  up  to  the  vacuum  insulator.  The  vacuum  part 
of  the  inductive  storage  Ly,  the  plasma  opening  switch  (POS),  and  the  load  are  housed  in  a 
vertical  vacuum  section,  located  in  the  middle  of  the  4  Marx  tanks.  The  POS  is  so  located  as 
to  provide  an  effective  upstream  inductance  Li=(L^+Lv)  of  220  nH  and  a  downstream 
inductance  L2  of  70  nH.  A  large  Ly  reduces  the  voltage  stress  on  the  vacuum  insulator  when 
the  switch  opens.  The  capacitance  of  the  primary  store  is  Cj  =4.8  pF  and  at  50  kV  charging 
voltage  the  energy  stored  is  0.86  MJ.  In  operation,  the  POS  conducts  for  1.5  ps  while  the 
current  builds  up  to  the  2  MA  level  in  the  upstream  inductance  and  opens  in  1 50  ns,  delivering 
1 .5  MA  to  a  plasma  load. 

From  the  above  discussion,  the  difficulties  of  reducing  Lj  and  L2  appear  to  be  intractable. 
Indeed,  recent  development  work  on  several  multi-megajoule  class  lES  generators,  like 
DECADE,  ACE-4,  GIT- 16  has  clearly  demonstrated  such  problem.  It  is  through  an 
examination  of  this  problem  that  a  new  solution  has  been  derived,  leading  to  a  new  design 
concept  for  inductive  energy  storage  system  which  we  call  the  Inductive  Line  Energy  Storage  - 
ILES  -  Generator.  In  the  following,  we  will  briefly  present  the  methodology  behind  the 
concept  and  the  principles  of  operation,  together  with  results  from  circuit  simulations. 

ILES  Generator 

The  problem  with  and  L2  could  be  examined  in  terms  of  reducible  and  irreducible  elements. 
Irreducible  elements  are  intrinsic  to  the  component  parts  of  the  system  associated  with  the 
capacitors,  the  closing  switches  and  the  construction  of  the  Marx  circuit.  The  junctions  in  the 
external  connection  are  irreducible.  The  bulk  of  the  external  connections  are  considered 
reducible.  It  is  obviously  not  possible  to  physically  eliminate  the  reducible  elements  which 
contribute  to  the  total  inductance.  What  is  proposed  here  is  to  convert  them  into  distributed 
elements.  In  practice,  this  is  achieved  simply  by  adding  a  distributed  capacitance  to  the 
structure  to  form  a  transmission  line.  Each  transmission  line  is  now  characterized  by  a  transit 
time  X  and  a  characteristic  impedance  Z.  The  higher  the  capacitance  added,  the  lower  will  be 
the  impedance.  The  transit  time  is  simply  determined  by  the  physical  length  of  the  structure 
and  an  equivalent  inductance  Lgq  is  defined  by  the  product  xZ. 


Fig.  2  Equivalent  circuit  of  an  ILES  generator  showing  the  lumped  and  discrete  components 

An  equivalent  circuit  of  such  a  generator  is  shown  in  Fig.2.  The  components  C|,  Rj  and  Lj 
represent  the  Marx  circuit  and  the  connection  inside  the  Marx  unit.  A  transmission  line 
upstream  of  the  switch,  UCL  (Upstream  Coupling  Line),  connects  the  Marx  to  an  inductance 
L3,  which  represents  the  irreducible  inductance  at  the  junction  between  the  vacuum  interface 
and  the  plasma  opening  switch,  POS.  Downstream  of  the  switch,  another  transmission  line, 
DCL  (Downstream  Coupling  Line),  connects  the  switch  to  the  load.  The  load  is  represented 
by  an  irreducible  inductance  L2  and  a  resistance  Rl.  This  simple  circuit  has  been  modelled  on 
PSpice  and  extensive  parameter  scans  have  been  carried  out  to  review  the  effect  of  each 
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Fig.3  Voltage  and  current  waveforms  at  different  point  in  an  ILES  circuit,  the  numbering  corresponds  to 
different  stages  of  operation,  (a)  currents  through  the  inductances  Lj,  Lj  and  Lj,  (b)  voltages  at  the 
input  A+,  and  output  B+  of  the  coupling  lines  UCL  and  DCL  &  (c)  corresponding  currents  at  an 
expanded  time  scale  around  the  switch  opening. 


individual  component.  From  these  results,  a  unique  operating  regime  for  the  ILES  has  been 
identified.  The  different  stages  of  development  in  the  circuit  are  outlined  below  with  the  help 
of  the  waveforms  at  the  different  points  in  the  circuit,  shown  in  Fig.3. 


Before  POS  opens  (  0  <  topei,<  t ) 

1.  Marx  erects 

2.  Current  flows  from  Marx  to  closed  POS  through  UCL 

-  limiting  value  of  current  set  by  Lj  and  UCL  for  a  given  Marx  voltage  and  energy 

3.  Current  builds  up  in  steps  through  successive  reflections  along  UCL 

-  the  size  of  each  step  and  the  duration  depend  on  impedance  and  transit  time  of  UCL 

After  POS  opens  ( t^pg^  >  t ) 

4.  A  voltage  is  developed  across  POS,  Vp  =  I  *  Rpos  >  the  POS  resistance 

5.  This  voltage  Vp  propagates  away  from  the  switch  in  both  directions 

-  towards  the  load  via  DCL  and  towards  the  Marx  through  L^  and  UCL 

6.  Within  one  transit  time  tj  of  UCL  this  change  is  not  seen  by  the  Marx 

-  the  current  through  Lj  remains  evolving  (growing)  as  before 

I.  Current  in  L3  now  decreases ,  essentially  with  time  constant  L3  /  Rpos  if  I^POS  ^DCL 

8.  Vp  reaches  the  end  of  UCL  and  sees  the  Marx 

-  the  Marx  current  decreases  at  a  rate  depending  on  Vp 

9.  Vp  reflects  from  Marx  as  if  open  circuit  if  Lj  >  ZUCL*  ti 

10.  Current  in  L3  begins  to  increase  again 

-  roles  of  the  DCL  and  load  begin  to  come  in 

I I .  The  reflected  voltage,  Vl  ,  from  the  load  is  inverted  after  a  time  L2  /  Zj)cl 

12.  Vl  will  be  reflected  at  L3  and  so  L3  will  have  a  +Vp  reflecting  on  the  Marx  side  and  a  -Vl 
reflecting  on  the  load  side 

-  current  through  L^  is  increased  further  and  additional  energy  is  extracted  from  UCL 

13.  Step  8  to  Step  12  are  repeated  while  current  is  delivered  to  the  load 

A  number  of  interesting  points  can  be  seen  from  the  behaviour  of  the  circuit.  A  couple  of  them 
will  be  discussed  here.  The  maximum  current  during  the  conduction  time  is  limited  by  the 
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irreducible  inductance  Lj  and  the  effective  inductance  L^q  of  UCL.  Recalling  the  definition  of 
Lgq,  it  is  obvious  that  while  the  transit  time  t^  is  limited  by  the  geometrical  distance  between 
the  Marx  and  the  POS,  the  impedance  Zy^L  can  in  fact  be  reduced  to  a  point  limited  by 
breakdown  constraints.  This  implies  that  a  substantially  lower  upstream  inductance  can  be 
obtained  using  a  suitable  UCL  even  if  the  Marx  is  situated  at  a  large  distance  from  the  POS, 
compared  with  the  normal  method  of  connection.  Fig. 4  shows  the  conduction  current  in  the 
Marx  and  that  in  the  inductive  load,  obtained  for  the  parameters  of  GIT-4,  using  (a)  the  lES 
circuit  in  Fig.l  and  (b)  the  ILES  circuit  in  Fig.2.  The  Marx  is  represented  by  a  4.8  pF 
capacitor  charged  to  600  kV  at  t=0.  In  the  simulation,  the  POS  opens  from  1  mQ  to  8  Q 
within  100  ns  following  a  power  law.  The  parameters  for  the  DCL  represent  70  nH  equivalent 


Fig.4  (a)  Current  in  the  Marx  Ir,  and  in  the  inductive  load  Il2  for  an  lES  circuit  and  (b)  same  quantities 
for  an  ILES  circuit.  For  the  lES  circuit,  L,=220  nH,  L2=70  nH  with  a  12  nH  load.  For  the  ILES  circuit, 
L,=155  nH,  Z,jci,=2  5  Q,  t,=22  ns,  L,=10  nH,  Zjx:i=5  Q,  t2=14  ns,  and  a  12  nH  load.  R,=l  mH. 

as  in  the  lES  circuit.  The  parameters  for  UCL  are  quite  reasonable  for  the  geometry  of  GIT-4, 
being  equivalent  to  four  10  Q  oil  lines  in  parallel.  What  is  unique  is  the  current  in  the  load. 
From  a  value  of  1 .95  MA  rising  in  80  ns  in  an  lES  circuit,  the  peak  current  in  the  ILES  circuit 
rises  to  2.94  MA  in  83  ns,  an  increase  of  51%.  The  unique  effect  of  the  UCL  can  be  seen 
from  the  current  delivered  to  the  load,  which  is  now  higher  than  that  originally  flowing  in  the 
switch  during  the  conduction  phase. 

It  may  seem  intuitively  that  the  smallest  value  of  and  the  shortest  line  will  give  the  lowest 
Lgq  and  the  highest  conduction  current,  and  therefore  the  highest  current  into  the  load.  This  is 
in  fact  not  the  case.  When  the  transit  time  of  UCL  is  short  compared  with  the  scale  time  of  the 
POS,  the  action  of  the  inductive  line  is  weak.  At  very  short  transit  time,  the  circuit  behaves 
like  an  lES  circuit.  Similarly,  for  a  given  UCL,  lowering  of  Li  should  increase  the  load 
current.  Indeed,  reducing  L^  to  1 10  nH  in  the  circuit  above,  a  reasonable  step  with  the  GIT-4 
design,  increases  the  load  current  to  3.2  MA  in  97  ns.  However,  continuous  lowering  of  Lj  in 
fact  leads  to  a  point  when  the  current  into  the  load  begins  to  decrease.  The  explanation  lies  in 
point  9  in  the  operation  stages  discussed  above.  This  leads  to  the  design  criteria  that  it  would 
be  better  to  arrange  the  Marx  unit  into  several  modules  in  parallel,  with  a  UCL  connecting 
each  module  to  a  common  POS.  This  effectively  presents  an  increased  L^  to  the  UCL.  In 
practice,  the  lowest  value  of  ZycL  f^at  could  be  used  would  be  limited  by  the  voltage  hold  off 
capability  of  the  line.  This  would  then  implies  that  the  effective  ^ucl  ^  multi-module 
system  would  be  lower  as  several  lines  will  be  used  in  parallel.  In  practice,  even  for  a  single 
module,  multiple  lines  in  parallel  could  be  used  to  provide  a  sufficiently  low  impedance.  This 
will  further  increase  the  current  deliverable  to  the  load. 
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The  unique  operation  of  the  ILES  circuit  can 
also  be  seen  from  the  energy  budget  in  the 
different  inductive  elements.  Fig. 5  shows 
the  evolution  of  magnetic  energy  in  the  three 
irreducible  inductances  for  the  conditions  in 
Fig.4  but  with  Li=l  10  nH.  When  the  switch 
first  opens,  energy  is  extracted  from  L3,  part 
of  it  being  delivered  to  the  load  L2.  The 
primary  storage  inductance  within  the  Marx 
is  isolated  by  the  transit  time  of  UCL.  It  is 
only  until  2  transit  times  later,  that  the 
energy  from  Lj  arrives  and  the  energy  in  L3 
begins  to  rise.  A  similar  increase  in  energy  in 
L2  is  seen  after  the  transit  time  of  DCL.  It  is 
important  to  note  that  the  energy  in  L3  in  fact  continues  to  rise  to  a  point  almost  the  same  as 
that  before  the  switch  opens.  With  the  parameters  chosen,  the  peak  energy  delivered  to  the 
load  inductor  is  61  kJ,  out  of  864  kJ  which  is  stored  initially  in  the  capacitor  bank.  If  we  were 
to  use  the  lES  circuit  as  in  Fig.4,  less  than  25  kJ  would  be  obtain  in  the  same  load. 

A  well  known  but  seldom  exploited  fact  about  the  lES  generator  is  that  it  favours  a  highly 
inductive  load.  This  can  be  seen  from  the  energy  efficiency  expression  derived  at  the 
beginning.  The  same  efficiency  is  found  in  the  ILES  design  though  at  a  significantly  higher 
value.  Using  the  same  circuit  parameters  in  Fig.4  but  increasing  L2  from  12  nH  to  120  nH,  the 
simulation  shows  that  316  kJ  is  extracted  from  the  bank  into  this  inductive  load  within  100  ns. 
This  represents  an  energy  efficiency  of  37%  from  the  bank,  from  a  circuit  which  is  not  properly 
optimized  for  the  ILES  design  criteria. 

Conclusion 

The  ILES  design  presented  here  represents  a  uniquely  different  concept  for  pulsed  power 
generators  based  on  magnetic  energy  storage.  The  design  overcomes  several  of  the  constraints 
limiting  the  ultimate  performance  of  lES  generators.  While  the  model  chosen  for  the  circuit 
simulation  is  simple  and  the  effect  of  a  dynamic  load  is  not  included  here,  the  results  allow  us 
to  identify  the  unique  stages  of  operation  of  the  ILES  generator.  The  Upstream  Coupling  Line 
provides  energy  storage  during  the  conduction  phase  of  the  POS  and  participates  in  the  energy 
transfer  process  during  the  opening  phase.  The  high  impedance  allows  a  high  voltage  wave  to 
be  developed,  while  isolating  the  effect  of  the  load  inductance  from  the  Marx,  when  the  switch 
opens.  This  high  voltage  wave  contributes  to  an  increase  in  energy  delivered  to  the  load.  The 
data  presented  for  GIT-4  shows  how  an  lES  generator  could  be  adapted  into  an  ELES  circuit 
with  significant  improvement  in  performance. 
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Abstract 

The  paper  describes  some  multistage  pulse  generator  designs  based  upon  homo¬ 
geneous  transmission  lines  of  equal  electrical  length  To,  their  impedance  varied  step¬ 
wise.  The  energy  is  initially  stored  as  magnetic  field  by  all  the  generator  stages,  while  it 
is  also  stored  by  some  of  them  as  electrical  energy.  Upon  triggering  the  switch  connect¬ 
ing  the  high-voltage  electrode  of  charged  lines  to  the  grounded  generator  frame,  both 
magnetic  and  electrical  energies  would  become  wholly  concentrated  at  the  generator 
output  due  to  wave  effects.  Ideally,  for  any  number  of  stages,  the  resistive  load  con¬ 
nected  in  parallel  to  the  current  opening  switch  is  where  a  square-shaped  voltage  pulse 
of  2To  width  would  be  generated,  whose  peak  value  may  be  considerably  higher  than  the 
generator  charging  voltage. 

Introduction 

Most  recently,  there  have  been  quite  a  big  variety  of  design  concepts  for  high- 
voltage  pulse  generators  considered,  which  basically  use  homogeneous  transmission 
lines  of  one  and  the  same  electrical  length.  These  designs  have  the  impedance  varied 
stepwise  from  stage  to  stage,  therefore  we  call  them  stepped-line  generators.  The  energy 
initially  stored  by  the  many  stages  is  to  become  concentrated  at  the  generator  output 
due  to  wave  effects  upon  triggering  the  switch.  With  the  line  impedances  being  in  spe¬ 
cific  proportion,  the  whole  of  the  energy  can  be  delivered  to  a  matched  resistive  load 
with  a  square-shaped  voltage  pulse  to  be  generated  there.  The  output  pulse  width  is  in¬ 
dependent  of  how  many  stages  and  overall  dimensions  the  generator  has,  but  it  is  only 
determined  by  the  double  electrical  length  of  an  individual  stage.  Simultaneously,  there 
occurs  the  increase  in  voltage  or  current  due  to  wave  effects.  Some  concepts  have  been 
suggested  which  can  provide  a  higher  pulse  power  value.  Theoretical  and  experimental 
studies  on  high-voltage  nanosecond  stepped-line  generators  carried  out  by  RFNC- 
VNIIEF  are  summarized  in  refs.  [1-5]. 

Like  any  other  transmission  -  line  generator  reported,  these  devices  may  be  two 
types  -  generators  having  initial  energy  stored  capacitively  and  those  with  inductive 
energy  storage,  depending  on  whether  the  initial  energy  is  stored  only  as  magnetic  or 
electrical  field.  Ref.  [1]  addresses  two  generator  designs  using  stepped-line  inductive 
storage  with  whatever  number  of  stages.  The  magnetic  field  energy  is  made  to  build  up 
through  the  generator’s  length  by  wave  effects  occurring  upon  triggering  the  input  cur¬ 
rent  opening  switch.  This  is  followed  by  significant  current  increase  towards  the  genera¬ 
tor  output  end.  Ref.  [3]  describes  a  generator  design,  in  which  the  stepped-line  magnetic 
energy  is  brought  up  to  the  load  as  a  result  of  square-shaped  voltage  pulse  being  sup¬ 
plied  externally  from  a  supplementary  source.  Wave  effects  are  observedTb  cause  sub¬ 
stantial  increase  in  the  pulse  voltage.  This  paper  addresses  just  a  few  of  the  generator 
designs  with  inductive  storage  considered,  the  case  specifically  featured  by  initial  energy 
being  stored  in  the  inner  generator  volume  both  magnetically  and  electrically  at  a  time. 
Therefore,  these  devices  can  be  referred  to  as  combined  energy  storage  generators.  All 
the  generator  circuits  are  capable  of  increasing  voltage. 
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Generator  configurations 

Fig.  1  (a,  b,  c)  shows  three  stepped-Iine  generator  circuits  based  on  combined 
energy  storage.  Generally,  the  generator  is  formed  by  “n”  homogeneous  transmission 
lines  having  the  same  electrical  length  To.  The  lines  are  numbered  consecutively  starting 
from  the  generator  output,  with  their  impedances  Zi,  Z2,  Zj . . . ,  Zn  respectively.  The 
total  number  of  stages,  “n”,  for  the  a,  b  and  c  cases  shown  may  be  at  least  2,  3  and  4 
respectively. 
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Fig.  1 .  Generator  circuits. 


The  generators  perform  as  follows.  The  closed  circuit  made  up  by  the  generator 
frame  and  the  initially  closed  switch  S2  has  lo  current  produced  by  the  external  power 
supply  (not  shown  in  fig.  1),  and  the  energy  is  stored  as  magnetic  field.  Simultaneously, 
another  external  supply  is  to  provide  pulsed  charging  up  to  Vo  voltage  of  several  genera¬ 
tor  lines  with  additional  energy  being  stored  as  electrical  field.  The  first  and  second 
cases  each  have  two  lines  charged,  their  impedances  Zn-i,  Zn  and  Zn.2,  Zn-i,  respectively, 
and  the  third  -  four  lines  with  Zn-3,  Zn-2,  Zn-i  and  Z,,  impedances.  Following  the  initial 
energy  storing  process,  there  occurs  triggering  of  the  switch  Si  which  is  connecting  the 
high-voltage  electrode  of  charged  lines  to  the  grounded  generator  frame.  The  current  lo 
direction  and  the  charging  voltage  Vo  polarity  are  specified  such  that  the  first  electro¬ 
magnetic  wave  as  it  arrives  would  result  in  the  current  increasing  at  the  generator  out¬ 
put.  Wave  processes  are  what  make  both  magnetic  and  electrical  energies  concentrated 
at  the  generator  output.  Along  with  this,  the  voltage  is  observed  to  achieve  a  several 
times  higher  peak  value.  The  output  switch  S2  that  connects  the  resistive  load  Zl  to  the 
generator  output  would  become  opened  just  when  the  first  electromagnetic  wave  arrives 
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at  it.  Ideally,  the  matched  load  have  a  square-shaped  voltage  pulse  of  2To  width  gener¬ 
ated. 

We  can  show  that  the  following  relationships  must  be  satisfied  to  ensure  that 
electromagnetic  energy  will  be  wholly  transmitted  to  the  matched  load: 

a.(a  +  1)  .  .  , 

-1st  case  Z,  =Z,  - - ^ where  i  =  1,2,... (n - 1), 

'  (a  + 1  -  l)(a  i) 

a(a  + 1) 

7  _  7  — i - L-  V  =  I  •  Z  • 


a(a  -1- 1) 

(a  +  i  -  l)(a  +  i)  ’ 
a(a  + 1) 


-2nd  case  Z^  =  Z,  ; - — - - -,  where  i  =  1,2,...  (n- 3), 


(a  +  n  -  3)(2a  +  2n  -  ^ 


7  -  Z 

>  ■^n-l  ■^1 


a(a  + 1) 


(a  -r  n  -  2)(2a  -i-  2n  -  5) 


7  _7  +  0  V  -T  7 

"  '  (a  +  n  -  2)  ’  “  “  '  (2a  +  2n  -  5) 


a(a  +  l)  ,  .  , 

-3rd  case  Z:  =  Z,  - : — — - rr,  where  i  =  1,2,... (n- 4), 

'  (a  -r  1  -  l)(a  -r  i) 

a(a  +  1)  a(a  + 1) 

Z„-3  =  =  Z,  ^  +  n  _  4)  ,  n-i  -  n-^i2(a  +  n-3) 

V  -  T  •  7 


We  have  used  here  a,  the  coefficient  which  is  the  ratio  of  electrical  to  magnetic 
energy  as  initially  stored  by  the  generator.  If  the  above  mentioned  relationships  are  sat¬ 
isfied,  the  matched  load  voltage  should  be  0.5(a+n-l)/a,  0.5(2a+2n-5)/  a  and  (a+n-3)/ 
a  times  the  charging  voltage,  respectively.  Increasing  the  load  voltage  as  compared  with 
the  charging  voltage  requires  adding  more  stages  and/or  decreasing  a  value,  i.e.  making 
the  electrical  energy  portion  in  the  total  energy  input  larger.  Adding  more  stages  would 
result  in  higher  maximum-to-minimum  impedance  ratio  of  the  stepped  line,  which  is 
normally  within  20  for  coaxial  lines,  given  the  same  dielectric  material  used  throughout 
the  generator.  Note,  that  the  impedance  ratio  grows  with  lower  a  values  when  the  stages 
are  fixed  in  number. 

The  most  general  case  can  be  used  to  illustrate  that  closed  inductive  storage  sys¬ 
tems  using  stepped  lines,  must  have  with  complete  energy  extraction  the  ratio  of  the 
matched  load  current  to  lo,  the  initial  current,  equal  to  (a+l)/2.  Particularly,  one  may 
conclude  the  total  energy  stored  by  the  generator  would  be  (a+1)^  times  the  energy 
stored  at  the  generator  output  stage  as  magnetic  field. 

The  output  switch  opening  can  be  provided  by  making  use  of  the  fact  that  at  the 
arrival  of  the  first  electromagnetic  wave  the  switch  current  would  grow  by  a  factor  of 
(a+1)  for  all  the  circuits  considered.  This  is  of  special  importance  in  making  several 
generators  operate  simultaneously  as  part  of  a  multimodular  system.  It  would  be  rea¬ 
sonable  to  ensure  reliable  triggering  of  the  current  opening  switch  by  increasing  the  a 
value,  i.  e.  the  electrical  energy  portion  in  the  total  energy  stored. 
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As  an  illustration,  fig.  1  (d,  e,  f)  gives  the  most  suitable  impedance  rations  for 
generators  having  the  total  electrical  length  of  3To,  given  that  equal  energy  values  (a=l) 
have  been  stored  initially  in  electrical  and  magnetic  fields.  The  first  two  cases  (d,  e)  are 
where  the  generator  includes  four,  and  the  third  (f)  case  -  five  transmission  lines,  and 
the  matched  load  voltages  are  2,  2.5  and  3  times  the  charging  voltage,  respectively.  With 
each  stage  added  and  the  respective  impedance  and  Vo/Io  variations  the  voltage  can  be 
increased  by  0.5Vo  for  the  first  circuit,  and  by  Vo  for  the  second  and  third. 

Triggering  the  switch  Si  produces  electromagnetic  waves.  When  the  lines  have 
transmitted  the  wave  which  is  shown  by  the  figures  to  travel  initially  to  the  left  of  the 
switch,  their  voltage  becomes  equal  to  zero.  When  the  wave  arrives  at  the  point  where 
different  line  impedances  are  connected,  there  occurs  a  reflected  voltage  wave.  However, 
just  at  the  same  time  there  is  another  wave  to  come  up  to  the  same  connection,  which 
has  been  initially  traveling  to  the  right  of  the  switch  Si.  The  generator  circuit  and  line 
impedances  are  selected  such  that  the  superposition  would  result  in  the  reflected  wave 
having  its  net  peak  value  of  zero.  This  requirement  is  satisfied  at  any  connection  be¬ 
tween  different  line  impedances.  Impedance  ratios  are  selected  so  as  to  provide  the  same 
current  value  simultaneously  for  all  the  lines  the  wave  in  question  has  traveled  through. 
While  this  current  is  the  same  in  magnitude,  its  direction  is  opposite  to  the  initial  cur¬ 
rent  lo.  Thus,  there  occurs  not  only  complete  lines  discharging  but  also  the  magnetic 
field  is  made  zero  due  to  the  superposition.  Ideally,  a  square-shaped  voltage  pulse 
would  be  generated  in  the  matched  load  as  it  is  switched  by  opening  the  switch  S2  at  the 
arrival  of  the  first  electromagnetic  wave. 

Conclusions 

Some  design  concepts  of  multistage  generators  using  stepped-line  inductive  stor¬ 
age  have  been  discussed.  What  is  distinctive  of  this  approach  is  that  initially  the  energy 
is  to  be  stored  by  all  the  stages  as  magnetic  field,  but  at  the  same  time  it  is  stored  also  as 
electrical  field  by  some  of  them.  Upon  triggering  the  switch  connecting  between  the 
high-voltage  electrode  of  charged  lines  and  the  grounded  generator  frame,  there  are 
wave  effects  which  make  both  magnetic  and  electrical  energy  concentrate  wholly  at  the 
generator  output.  Ideally,  given  whatever  number  of  stages,  there  would  be  a  square¬ 
shaped  pulse  of  2To  width  generated  in  the  resistive  load,  whose  peak  value  may  be  sub¬ 
stantially  higher  than  the  generator  charging  voltage. 

The  concepts  discussed  can  be  used  as  a  basis  to  develop  powerful  high-voltage 
pulse  generators  including  those  to  be  incorporated  in  multimodular  systems.  Although 
the  data  described  in  this  paper  have  not  been  tested  experimentally,  analytical  and  nu¬ 
merical  studies  they  summarize  involved  techniques  repeatedly  verified  by  experiments 
on  numerous  stepped-line  generators  using  capacitive  energy  storage.  Anyway,  selection 
of  the  generator  circuit  design  and  optimal  requirements  should  be  made  individually 
for  any  specific  application. 
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The  nanosecond  generator  RG-1  with  near-rectangular  pulse. 


V  V  Rulan  E  V  Grabovskv.A.N.Gribov.V.G.Luinov. 
TRINITI,  Moscow  reg.,  Troitsk,  142092,  Russia. 


ABSTRACT. 

The  300  kV,  17  Ohm  generator  RG-1  that  can  deliver  the  near-rectangular 
pulse  with  the  pulse  duration  80  ns  FWHM  is  described  in  this  paper.  Polarity  of 
output  pulse  can  be  changed  by  the  simple  switch.  The  fast  capacities  in  the  Marx 
generator  are  used  instead  the  pulse  forming  line.  The  multispark  gas  switches  have 
been  developed  to  decrease  the  inductance  of  discharged  circuit.  The  generator  is 
supplied  by  the  built-in  high  voltage  source.  The  installed  mini-computer  controls  its 
operation.  It  is  used  the  power  supply-line  220  V.  The  RG-1  can  be  used  in  different 
mode  of  operation:  gas  discharge,  particle  beam  formation  and  so  on. 

INTRODUCTION. 

The  high  voltage  pulse  generators  are  used  for  the  various  fields  of  science 
and  technique.  The  conventional  scheme  of  these  generators  is  based  on  the 
combination  of  Marx  generator  and  pulse  forming  line.  The  difference  of  the  present 
generator  is  in  the  use  of  the  fast  capacities  forming  the  near-rectangular  pulse 
instead  forming  line.  The  application  of  these  capacities  reduced  significantly  the  size 
(  230x100x105  cm^ )  and  simplified  its  scheme.  The  photography  of  generator  RG-1 
with  the  open  upper  cover  is  shown  in  Fig.1 . 


Fig.1.  The  photography  of  generator  RG-1. 
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The  output  pulse  amplitude  on  the  matched  17  Ohm  load  can  change  from  100 
to  300  kV.  The  polarity  pulse  is  changed  by  the  mechanical  switch.  The  generator 
provides  the  10  ns  jitter  of  output  pulse  relatively  the  triggering  pulse.  The  pulses 
repetition  rate  is  one  per  minute  for  charging  up  to  maximum  voltage. 

DESCRIPTION  OF  GENERATOR. 

The  generator  RG-1(  Fig.2  )  consists  of  the  basic  unit  filled  by  oil,  device  unit 
and  output  unit.  The  Marx  generator  (MG),  mechanical  polarity  switch  (MPSW),  high 
voltage  source  (HVS)  and  high  voltage  trigger  generator  (HVTG)  are  placed  in  the 
basic  unit.  The  Marx  generator  has  the  form  of  loop.  It  is  connected  with  the  output 
unit  through  the  polarity  switch.  The  high  voltage  source  provides  the  bipolar 
charging  of  Marx  and  the  unipolar  charging  of  trigger  generator  up  to  40  kV.  The  high 
voltage  trigger  generator  can  deliver  the  pulse  with  amplitude  up  to  70  kV  and  the 
pulse  rise  time  50  ns  that  triggers  some  switches  in  Marx  generator.  The  pulse  with 
amplitude  4kV  and  the  pulse  rise  time  50  ns  from  internal  or  external  low  voltage 
trigger  generator  (LVTG)  triggers  the  HVTG. 


GAS 


Fig.2  The  scheme  of  generator. 

The  low  voltage  source  (LVS),  gas  system,  low  voltage  trigger  generator  and 
control  unit  is  placed  in  the  device  unit.  The  control  unit  operates  of  the  charge 
voltage  and  gas  pressure  in  the  switches  and  the  gas  volume  of  output  unit  and  also 
delivers  the  triggering  pulse.  The  gas  system  has  the  automatic  and  manual  of 
operation  control.  The  kind  of  gas  can  be  different  for  the  switches  and  the  gas 
volume  of  output  unit. 
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The  output  unit  consists  of  the  short  line  filled  by  oil  and  gas  volume.  The 
diameter  of  output  unit  is  25  cm  and  its  length  42  cm.  The  load  is  placed  in  the  gas 

volume.  . ,  „  ^  j  io 

The  multichannel  connector  for  connection  with  the  control  panel  and  rU  is 

placed  on  the  side  wall  of  generator.  The  control  panel  was  made  in  the  separate 

block.  It  has  the  keyboard  and  display  for  control  parameters  of  the  generator. 

MARX  GENERATOR.  .  o  u  .  r -in 

The  electrical  scheme  of  Marx  generator  is  shown  in  Fig.  3.  It  consists  of  10 

condensers  and  11  gas  switches  that  is  connected  series  in  the  loop.  The  closed  loop 
in  the  center  of  generator  is  used  to  decrease  the  inductance  of  discharged  circuit. 
The  condensers  are  charged  from  the  HVS  through  the  water  resistors  R1-R16. 


R9-R16 


Fig. 3  The  electrical  scheme  of  Marx  generator. 

The  most  switches  (SW1-SW4,SW8-SW11)  operates  in  the  self-breakdown 
mode  Three  switches  (SW5-SW6)  is  triggered  froi^  the  HVTG.  The  fast  condensers 
have  the  capacity  28  nF  and  the  size  30x12x13  cm  .  The  maximum  charging  voltage 
of  condensers  for  oil  isolation  is  100  kV.  These  condensers  operate  as  the  pulse 
forming  lines  with  impedance  1.7  Ohm.  The  formed  pulse  has  the  pulse  duratiori  80 
ns  FWHM  and  the  long  back  front.  Thus  the  Marx  form  the  pulse  equal  the  Pulses 
sum  from  the  separate  capacities  and  its  impedance  is  equal  17  Ohn^  The  multispark 
qas  switches  with  the  rail  type  electrodes  have  been  developed.  They  have  been 
tested  on  the  self-breakdown  voltage  for  the  various  pressures  of  n'trogen  and 
SFJnitrogen  mixture.  The  breakdown  voltage  for  4  ata  of  mixture  is  80  kV.  At  least  2 
channel  breakdown  of  gap  are  observed  by  the  switches  with  triggering  electrode. 

The  measurements  were  made  for  the  10  and  30  Ohm  load  placed  in  the  gas 
volume  of  output  unit.  The  current  and  voltage  monitors  placed  in  the  output  unit  were 
shown  the  stable  work  of  generator.  The  voltage  pulse  on  the  10  Ohm  load  for  the 
charging  voltage  30  kV  is  shown  in  Fig.  4.  The  output  pulse  has  the  pulse  rise  time  of 
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7  ns,  the  pulse  flat  top  of  at  least  50  ns  with  deviation  less  than  12  %  from  maximum 
voltage  and  the  prepulse  less  than  1  %  of  peak  voltage. 


CONCLUSION. 

The  relatively  small  size,  the  use  of  built-in  charge  source  and  trigger  generator 
and  also  simplicity  in  operation  are  the  characteristic  features  of  generator.  The 
generator  is  designed  for  the  investigation  of  high  voltage  discharge  in  gas.  It  can  be 
used  for  trigger  of  the  pulse  power  generators  as  Angara-5.  The  scheme  on  based 
this  generator  for  producing  the  electron  beam  is  developed  now. 
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Abstract 

A  discharge  of  the  67MJ  and  50kV  capacitor  bank  used  as  a  pulsed  power  system  for 
flashlamp  pumping  of  ISKRA-5’s  high-power  iodine  laser,  involves  control  and  diagnostic 
equipment  being  subjected  to  significant  electromagnetic  fields  and  electrical  interference  that 

will  further  develop  through  conductive  circuits. 

The  paper  describes  and  validates  design  approaches  to  the  grounding  system,  signal 
carriage  and  decoupling  circuits  that  would  result  in  lower  interference  both  for  the  capacitor 
bank’s  control  and  diagnostics  systems.  A  summary  is  also  given  of  the  ten-years’  practice  in 
operating  the  control  and  diagnostics  equipment  during  the  facility  experiments. 


Introduction 

Among  engineering  challenges  of  designing  high-power  physics  research  facilities 
with  large  power  conditioning  system,  there  is  electromagnetic  compatibility  with  the  power 
units  of  control  and  diagnostics  systems.  Generally,  the  pulsed  voltage  existing  with  the 
capacitor  bank  discharge  to  the  load  and  the  voltage  with  diagnostic  and  control  signal  differ 
by  a  factor  of  more  than  10^  thereby  showing  the  problem  to  be  difficult  and  topical.  These 
have  been  no  standard  provisions  (necessary  and  sufficient)  for  electromagnetic  compafibility 
reported  to  exist  due  to  the  unique  nature  of  physics  research  facilities.  However,  it  is  also 
known  that  no  actions  taken  toward  electromagnetic  compatibility  in  the  design  and 
development  of  facilities  would  lead  to  unreasonably  increased  costs  and  resources. 

The  physics  research  facility  ISKRA-5  [1]  has  been  designed  and  developed  to  study 
interaction  between  high-output  laser  beam  and  matter  as  part  of  laser  fusion  research 
program.  Its  installation  was  completed  in  1988,  and  since  1989  the  facility  has  been  used  by 
target  experiments  [2]. 

The  facility  is  based  on  the  iodine  photodissociation  laser  having  a  light  pulse,  as 
generated  by  the  master  oscillator  (MO),  to  be  split  in  many  and  amplified  by  12  identical 
amplification  Tines  each  including  5  stages.  Total  beam  output  has  30kJ  energy  in  a  pulse 


0.25ns  long. 

Light  sources  to  pump  MO  and  laser  amplifiers  are  supplied  by  a  pulsed  power  (PP) 
system  built  around  a  capacitor  bank  with  67.2MJ  of  stored  energy  and  50kV  operating 
voltage  [3]. 

The  PP  system’s  capacitor  banks  have  performance  as  described  in  Table  1  below. 

The  ISKRA-5  design  included  certain  requirements  to  be  developed  for  grounding, 
decoupling  in  power  supply,  techniques  to  carry  control  and  diagnostic  signals  and  for 
equipment  shielding.  Particularly,  the  designers  showed  that  computer  technologies  can  only 
be  incorporated  and  operable  in  pulsed  physics  facilities  provided  they  meet  specific 
requirements,  such  as  for  interference  suppression. 
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Table  1. 

Performance  of  capacitor  banks. 


Parameter 

CB-MO 

CB-Al 

CB-A2 

CB-A2B 

CB-A3 

Overall 

capacitor 

bank 

Stored  energy, 
MJ 

0.09 

0.41 

1.26 

5.04 

20.16 

40.32 

67.28 

Peak  discharge 
current,  MA 

1.4 

m 

1.2 

9.6 

42.2 

Discharge  half¬ 
time,  |IS 

10 

10 

10 

30 

35 

35 

Modules 

5 

12 

24 

48 

192 

384 

665 

Technically,  to  identify  what  effort  would  be  the  more  appropriate  for  interference 
suppression  requires  first  of  all  that  analysis  should  be  done  for  interferences  in  terms  of  their 
origin  and  transmission  by  detection  circuits  for  diagnostic  and  control  signals,  for 
unauthorised  signals  spectrum  and  the  bandwidth  requirements  for  the  detectors.  Note, 
however,  that  any  effort  would  allow  one  or  two  orders  of  magnitude  reduction  in  the 
interference  signal  at  the  most,  this  being  normally  less  for  larger  bandwidth,  and  more  for 
narrower  one.-  With  the  differential  input  used  by  the  detector  the  decrease  up  to  3  or  4  orders 
of  magnitude  may  be  achievable  in  the  narrow  bandwidth  (within  0.1-lmhz).  Therefore,  it  is 
only  a  package  of  simultaneous  techniques  that  would  allow  the  required  6  or  7  orders’ 
reduction  in  interference  signal  for  the  above-mentioned  signal  ratio  between  the  control  and 
power  discharge  circuits. 

The  paper  briefly  summarizes  major  efforts  carried  out  towards  electromagnetic 
compatibility  between  the  diagnostics  and  control  systems  and  the  power  conditioning  portion 
of  ISKRA-5  physics  facility. 

Active  interference  suppression. 

Basically,  interferences  are  caused  in  ISKRA-5  facility  by  flashlamp  discharge  circuits 
and  spark  gaps  triggering  circuits.  Therefore,  there  were  steps  taken  to  limit  the  energy  going 
beyond  discharge  circuits.  The  ISKRA-5 ’s  capacitor  bank  has  the  energy  from  capacitors 
carried  to  the  load  by  coaxial  cables,  with  only  one  point  in  each  discharge  circuit  (module)  to 
be  grounded,  which  is  the  “minus”  terminal  of  capacitors.  The  amplifiers  with  flashlamps 
serving  as  discharge  circuit  loads  have  their  frames  insulated  at  lOkV  from  the  building 
fittings  and  surrounding  equipment  (pumps,  pipelines,  etc.)  and  connected  to  ground  only  via 
outer  coaxial  cable  conductors. 

Thus,  the  energy  delivered  from  capacitors  to  the  load  is  confined  within  discharge 
circuits  and  made  to  have  minimized  effects  upon  the  other  facility  systems. 

Grounding  system 

Grounding  arrangement  is  what  also  refers  to  active  interference  suppression,  the 
techniques  to  decrease  the  interference  signal  value.  The  ISKRA-5  facility  employs  a  three- 
line  single-point  grounding  system. 

The  protective  grounding  line  is  intended  for  non-current  carrier  members  (housing, 
shielding,  frames,  enclosures,  etc.)  of  any  equipment  and  control  and  diagnostics  systems, 
whose  pulsed  spread  currents  are  not  high.  The  protection  grounding  line  is  made  up  by  an 
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arrangement  of  frames  with  cables  laid  therein.  Directly  connected  to  this  line  are  the  building 
fittings  and  shielding  of  suitable  rooms  which  accommodate  computer  hardware  and 
diagnostics. 

The  process  grounding  line  is  intended  for  housing  and  units  incorporated  in  power 
subsystems  of  the  capacitor  bank  system.  In  order  to  avoid  pulsed  spread  currents  getting  into 
the  other  grounding  lines,  the  process  grounding  line  is  designed  as  steel  buses  of  50x4mm 
size  that  are  insulated  at  lOOOV  from  the  building  fittings  and  connected  to  a  single  “common 
point”  with  specialized  single-wire  cables  of  at  least  50mm^  sectional  area. 

The  system  grounding  line  is  used  to  connect  electrically  the  frames  and  common 
buses  of  diagnostics  units  and  computer  hardware  that  have  TTL  signal  exchange  between 
each  other.  The  system  grounding  line  is  laid  into  shielded  frames  having  insulation  at  lOOOV 
level,  using  wire  of  at  least  16mm^  sectional  area  to  connect  between  the  grounding  system’s 
“common  point”  and  specialized  rooms  for  diagnostic  equipment. 

The  grounding  system’s  “common  poinf’  is  only  where  the  three  grounding  lines  are 
connected  together.  Spacially,  these  three  grounding  lines  are  altogether  designed  like  a  “tree”, 
with  each  line  branch  originating  from  the  “common  point”  and  ending  in  the  appropriate 
location. 

Passive  interference  suppression 

These  are  techniques  to  minimize  interference  signals  getting  into  transmission  lines 
for  control  and  diagnostic  signals.  The  ISKRA-5  control  and  diagnostic  signals  altogether 
have  been  conditionally  categorized  into  4  types  as  follows:  high-level  signals  (all  static  and 
pulsed  at  above  lOOOV),  medium-level  1  signals  (all  signals  at  10-3 15V  DC  or  AC,  relay 
switched,  and  of  commercial  supply  line  220V/50Hz),  medium-level  2  signals  (all  pulsed 
signals  at  10-500V  generated  by  active  and  passive  circuits)  and  low-level  signals  (signals 
within  ImV-lOV,  typically  having  spectrum  up  to  lOkHz). 

High-level  signals  are  carried  by  coaxial  cables  laid  either  openly  or  in  high-level 
enclosures  which  are  insulated  up  to  lOOOV  and  grounded  to  the  process  grounding  line.  The 
three  other  signal  categories  are  carried  by  braided  cables  that  are  laid  in  the  respective 
medium-level  1,  medium-level  2  and  low-level  frames,  which  provide  a  protective  grounding 
line  and,  therefore,  an  additional  shielding. 

Local  interference  resistance 

Local  interference  resistance  is  provided  by  a  package  of  circuit  and  engineering 
design  arrangements  that  suppress  interfernce  signals  both  between  local  systems  and  units 
and  inside  them  -  between  functional  components  including  printed  circuit  boards.  Basically, 
the  following  arrangements  may  be  used  depending  on  specific  features  of  local  systems:  two- 
wire  signal  transmission  (with  one  wire  necessarily  for  back  transmission),  transforming  and 
optronic  conductive  isolators,  electric  filters,  etc. 

Conclusions 

The  ISKRA-5  laser  facility  has  electromagnetic  compatibility  achieved  between  the 
power  subsystem,  which  is  the  67MJ,  50kV  capacitor  bank  with  a  total  discharge  current  of 
150MA  in  3 Ops,  and  its  eontrol  and  diagnostics  systems,  due  to  combined  applications  of 
three  types  of  measures,  such  as  procedures  to  minimize  energy  spread  beyond  power  units, 
i.e.  active  interference  suppression,  procedures  to  minimize  interference  signals  getting  into 
the  control  and  diagnostics  communication  lines  and  on  to  the  detector  inputs  (passive 
interference  suppression),  and  procedures  to  make  the  control  and  diagnostics  equipment  more 
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insensitive  to  interference  signals  (local  interference  resistance).  It  is  with  the  integrated 
application  of  the  above-mentioned  measures  that  reliable  operation  of  the  facility’s  control 
and  diagnostics  equipment  was  ensured  during  ten  years. 
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DIAGNOSTICS  SYSTEM  FOR  THE  67MJ,  50kV  PULSE  POWER 

CAPACITOR  BANK 

I.V.Galakhov,  A.S.Gasheyev,  LA  Gruzin.,  S.N.Gudov.  V.M.Murugov,  V.A.Osin, 

V. I. Pankratov,  I.N.Pegoev 

RFNC-VNIIEF,  Sarov  (Arzamas- 16),  Russsia 


Abstract 

The  diagnostics  system  described  in  the  paper  is  for  charging  and  discharging  to  the 
load  of  the  large  67MJ  and  50kV  capacitor  bank  for  the  iodine  laser  pulse  power  of  ISKRA-5 
facility.  Discharging  diagnostics  of  the  capacitor  bank  has  used  a  technique  to  measure  a 
sequence  of  times  between  representative  discharge  events  for  665  discharge  circuits  of  the 
bank.  Benefits  of  the  measurement  techniques  used  are  discussed. 

Introduction 

High-power  laser  facilities  have  been  built  in  many  countries  for  experimental  research 
in  laser  fusion  area.  Among  its  subsystems  every  such  facility  has  a  pulse  power  system  to 
supply  flashlamps  in  the  active  medium  pumping  system  of  laser  amplifiers.  The  pulse  power 
system  is  built  upon  capacitor  banks  which  are  separated  into  individual  modules.  Each 
module  is  a  bunch  of  capacitors  which  is  discharged  through  a  switched  of  the  flashlamp  an 
individual  load. 

High-power  operating  currents  (Iniax^300kA)  and  voltage  (Uch^SOkV)  are  what 
predetermine  failure  probability  for  high-voltage  components  as  Pfaii=10^-10  ^per  shot  with 
the  total  number  of  component  Nc^lO'*.  There  fore,  in  each  physics  experiments  there  may  be 
any  kind  of  failure  in  the  pulse  power  system,  which  has  to  be  detected  and  eliminated.  This  is 
what  the  capacitor  bank  diagnostics  system  is  intended  for. 

There  are  some  considerations  that  make  the  diagnostics  system  development  a 
difficult  problem.  First,  it  is  electromagnetic  compatibility  requirement  between  the  capacitor 
bank  and  diagnostics  equipment  at  the  bank  discharge  and  associated  high  interference  pulses. 

Next,  it  is  requirement  for  multichannel  measuring  systems.  Therefore,  a  measuring 
channel  must  have  as  simple  design  as  possible  to  make  equipment  less  expensive. 

Finally,  efficient  diagnostic  technique  must  be  provided  physical  measure  to  allow 
maximum  possible  detection  of  pulse  power  system  failures  and  failure  prediction  techniques 
to  be  developed. 

The  paper  presents  diagnostics  techniques  for  charging  and  discharging  events  in  the 
large  67MJ,  50kV,  capacitor  bank  of  ISKRA-5  facility. 

Capacitor  bank  description 

The  ISKRA-5  capacitor  bank  [1]  includes  665  capacitor  modules.  A  module  has  its 
schematic  diagram  as  shown  in  Fig.l.  Its  basic  components  are:  a  bunch  of  parallel-connected 
capacitors  Cm,  a  spark  gap  Swm,  cable  connection  lines  K  and  series-parallel  connected 
flashlamps  L1-L4  as  the  load.  Diagnostic  signals  during  the  module  operation  are  to  be 
produced  by  voltage  dividers  DV  and  pulse  detectors  Dsw,  Dli,2- 
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Fig.l  Schematic  diagram  of  the  ISKRA  -5  capacitor  bank  module. 

Diagnostics  technique  for  module  discharge  to  the  load 

Reportedly  [2],  there  is  a  diagnostics  technique  for  capacitor  module  discharge  to  the 
load,  which  measures  peak  value  of  the  discharge  current  carried  through  the  flashlamp  and 
switch.  When  a  high-voltage  component  is  broken  down,  this  would  cause  variations  in  the 
discharge  circuit  's  RLC  parameters  and  thus  make  the  experimental  peak  current 
measurement  different  from  expected  value. 

However,  this  technique  to  measure  peak  current  value  offers  the  following 
disadvantage.  It  can  only  state  the  occurrence  of  a  high-voltage  component  breakdown  while 
providing  no  preliminary  information  on  the  failure  possibility.  However,  as  shown  in 
practice,  module  components  such  as  the  switch  and  flashlamp  have  the  probability  of  shot 
delays  increasing  with  running  time,  which  is  due  to  these  components  having  different 
breakdown  conditions  in  their  gas  spark  gaps  because  of  wear.  With  shot  delays  in  high- 
voltage  module  components,  there  would  be  no  variations  in  the  circuit  RLC  parameters,  there 
fore,  significant  changes  in  the  peak  current  value  cannot  be  detected  until  the  switch  or 
flashlamp  breakdown. 

The  diagnostics  implemented  at  the  ISKRA-5  facility  [3]  is  pulse-time  technique.  The 
idea  of  the  proposed  technique  is  as  follows.  Experimentally,  the  initial  and  terminal  times 
were  determined  for  the  following  major  discharge  events  of  the  module:  switch  and 
flashlamp  shot  delays,  current  onset  and  zero-crossing  in  the  load,  simultaneity  in  trigger 
generator  shots.  These  are  times  when  specific  detectors  are  used  to  generate  diagnostic 
signals  with  representative  time  intervals  to  be  measured  between  them,  and  these 
measurements  would  serve  for  performance  evaluation  of  module  components. 

Fig.2  shows  a  timing  diagram  for  direction  of  transients  involved  in  the  bank  discharge 
to  the  flashlamps,  together  with  times  measured  between  start-stop  signals  (t4=ti+t2+t3<50)j.s). 

The  pulse-time  diagnostics  allows  detection  of  delays,  misfires  and  prefires  of  the 
module  switch  and  triggering  generators.  It  can  be  also  efficiently  used  to  detect  discharge 
failures  which  involve  variations  in  the  discharge  current  RLC  parameters.  These  are  such 
failures  as  connection  line  breakdown  between  the  switch  and  the  load.  As  this  takes  place. 
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the  discharge  current  half-period  varies  in  duration,  thus  being  just  detected  as  decrease  in  the 
interval  t3. 


Shot  time  measurements  of  high-voltage  components  provided  an  easy  and  efficient 
way  to  address  major  discharge  diagnostics  problems  for  the  ISKRA-5  pulse  power  system. 

The  above-mentioned  module  discharge  diagnostics  is  a  technique  that  offers  high 
interference  immunity.  This  is  primarily  because  detectors  do  not  transmit  analog  signal  to  the 
diagnostics  system,  but  a  signal  indicating  the  beginning  or  termination  of  any  time  interval, 
and  thus  requirement  for  nondistored  signal  transmission  are  not  high.  This  allows  efficient 
isolation  between  low-voltage  diagnostics  circuits  and  the  high-voltage  discharge  circuit  of 
the  module. 

This  isolation  is  provided  by  using  fast-response  fiberoptic  pulse  communication  units 
connected  in  between  start-stop  signal  detectors  and  the  equipment  for  time  interval 
measurements. 

With  minimized  number  of  measurements  (one  or  two  time  intervals  of  a  high-voltage 
components),  the  developments  of  diagnostics  equipment  was  made  much  less  expensive, 
while  there  was  an  opportunity  to  provide  complete  diagnostics  for  all  the  module 
components. 

A  great  deal  of  data  obtained  from  more  than  10  000  experiments  carried  out  on  the 
lSKRA-5  facility  during  1986-1996  proved  the  pulse-time  diagnostics  technique  as  highly 
efficient  and  important.  During  prelaunch  adjustment  operations,  this  technique  allowed 
detection  of  about  5000  failure  events  of  any  kind  in  high-voltage  module  switches  and  trigger 
generations,  and  also  application  of  performance  prediction  procedures  for  xenon  flashlamps. 

Similar  diagnostics  techniques  may  be  designed  into  multiple  pulse  power  systems 
operated  with  high-voltage  modules  having  discharge  events  of  microseconds  duration. 

Charge  diagnostics  of  the  capacitor  bank  module 

For  ISKRA-5  facility,  the  time  to  charge  its  665  capacitor  modules  to  50kV  voltage  is 
90-lOOs.  During  the  whole  of  the  capacitor  bank  charging  cycle  (fig.3),  the  module  voltage  is 
to  be  against  the  reference  (at  the  power  supply).  Once  a  signal  measurement  goes  beyond 
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±AV=0.5kV,  the  module  is  indicated  to  have  failed  and  then  withdrawn  from  the  experiment. 
In  this  way,  breakdowns  in  charging  lines  and  capacitors  and  switch  prefires  can  be  detected. 


tcharge  headiness  tfire  Registration 

90-lOOs  5-lOs  35us  5-lOs 


Fig.3.  Charge  diagnostics  of  the  ISKRA-5  capacitor  bank  module. 

For  its  detectors,  the  charge  diagnostics  system  employs  resistive  voltage  dividers  with 
their  interference  immunity  is  achieved  by  no  connection  to  exist  between  the  “common 
points”  of  the  module  and  the  diagnostics  system.  For  this  purpose,  the  module  has  only  a 
current  control  resistor  with  its  signal  to  be  transmitted  via  a  cable  (which  is  a  shielded  twisted 
pair,  its  shield  and  either  wire  connected  only  to  the  diagnostics  “common  point”)  to  the 
diagnostics  circuit  where  the  lower  divider  port  is  located. 

This  approach  ensures  reliable  performance  of  the  diagnostics  system. 

Conclusions 

For  the  purpose  of  diagnostics  of  the  ISKRA-5  capacitor  bank  modules  for  their 
switching  performance  to  the  load,  measurement  techniques  have  been  put  into  operational 
use  to  determine  time  intervals  that  account  for  discharging  of  circuit  operating  in  oscillatory 
mode. 

As  compared  with  techniques  to  measure  peak  discharge  current  in  a  circuit,  the  pulse¬ 
time  diagnostics  helps  predict  switch  and  flashlamp  failures. 
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PFN-MARX  PULSERS  FOR  HPM  TESTING  APPLICATION 

M.  M.  Kekez,  National  Research  Council  of  Canada,  M-51,  Ottawa,  Canada  KIA  0R6 

Abstract 

This  article  deals  with  the  development  of  fast  compact  systems  applicable  to  the  field  of 
high  power  microwaves.  Characteristics  of  a  conventional  Marx  H.  V.  generator  and  two  co¬ 
axial  PFN-Marx  pulser  systems,  operating  up  to  500  kV  levels,  are  presented. 


1.  Conventional  Marx:  This  type  of 
generators  are  frequently  used  as  the 
simulators  of  enhanced  electromagnetic 
pulse  effects;  To  drive  HPM  source,  the 
voltage  pulse  should  have  a  flat  top  of  at 
least  several  100  ns  duration.  At  first  glance, 
conventional  Marx  can  meet  this 
requirement.  In  zero  order  approximation, 
the  output  can  be  described  as:  V=Voe‘‘^\ 
Here,  t=RC,  R  is  the  resistance  of  the  load 
and  C  the  erected  capacitance  (=capacitance 
of  stage  per  number  of  stage).  The  energy 
delivered  to  the  load  as  a  function  of  time, 
t  is: 

energy=  [Vo'T/(2R)](l-e-^‘'^) 

If  we  allow  a  10%  drop  in  the  voltage 
output  (:  i.e.  e'’'^=0.9),  we  have  that  ilx 
=0.105  and  e‘^''^=0.81.  This  suggests  that  for 
a  10%  drop  in  the  voltage,  Marx  generator 
has  discharged  only  19%  of  its  energy.  If  at 
this  instance,  the  system  is  short  circuited  by 
a  crowbar  switch,  81%  of  energy  stored  in 
the  bank  will- be  wasted.  In  some  situation 
this  is  not  important  e.g.  when  one  is 
developing  high-power  microwave  sources 
where  the  width  of  the  pulse  is  parameter  in 
the  investigation.  This  requires  replacing  a 
set  of  capacitors  in  the  existing  system  with 
the  set  having  longer  time  constant,  x  to 
achieve  the  pulses  of  longer  duration.  An 
alternative  way  is  to  employ  an  LC  circuit  to 
compensate  for  Marx  generator  drop  as 
described  by  Crumley  et  al[\].  An  example 
of  using  a  diverter  (crowbar)  switch  to  get 
"square"  pulse  is  given  in  Fig.  1. 

2.  PFN-Rim-Fire:  In  this  system,  attention 
was  paid  to  the  rise  time  characteristics.  To 


achieve  the  steep  rise  in  the  voltage  pulse, 
twelve  UV-coupled  spark  gap  switches  are 
employed  per  each  stage.  Each  switch  has  a 
sphere-ring  geometry  that  is  placed  in  the 
vicinity  of  the  return  current  path.  All 
attempts  are  made  to  minimize  the 
discontinuities  in  the  internal  structure  of  the 
coaxial  arrangement.  The  main  difference 
between  the  Rim-Fire  and  the  system 
described  in  Ref.  [2]  is  that,  here  we  have 
employed  12  switches  per  stage.  A  single 
switch  per  stage  was  used  in  Ref.  [2]. 

The  Rim-Fire  has  40  stages,  hence  480 
switches.  As  in  Ref.  [2]  the  first  stage  is 
activated  by  a  50  kV,  10  ns  rise-time  trigger 
pulse  and  all  the  remaining  (468)  spark  gap 
are  U.V.  coupled  and  activated  by 
overvoltage  applied  in  a  sequential  manner 
as  demonstrated  in  Ref.  [2].  During  the 
discharge  circle,  an  impression  is  created  as 
if  the  rim  is  on  fire  (hence  the  name  for  the 
system:  "Rim  Fire").  The  brightness  of  the 
spark  channel  does  not  vary  from  a  spark 
gap  to  a  spark  gap  in  both  the  azimuthal- 
and  longitudinal  directions.  To  evaluate  the 
system,  a  100  transmission  (diagnostic) 
line  -with  its  capacitive-  and  magnetic  probes 
is  attached  to  the  output.  To  minimize  the 
discontinuities,  the  peeing  circuit  described 
in  Ref  [2]  was  placed  between  the  Rim-Fire 
and  the  100  Q  line.  When  the  system  is 
pressurized  to  7  psi  of  SFj,  the  rise  time  is 
150  to  300  ps,  depending  on  the  charging 
voltage. 

The  pulse  width  is  governed  by  the 
capacitance  in  the  stage  and  by  the  finite 
dimensions  (inductance)  of  the  connecting 
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metallic  plate  (sandwiching  six  2.7  nF,  40  kV 
Murata  capacitors  in  each  stage)  withadjacent  lead 
to  the  switch.  Regardless  how  compact  this 
geometrical  combination  is,  the  circuit  can  be 
represented  by  the  LC  section  of  the  (co-axial) 
transmission  line.  L  is  the  distributed  inductance  of 
all  the  leads,  and  C  the  lumped  capacitance  in  the 
stage.  We  find  that  the  duration  of  the  pulse  of  51 
ns  corresponds  to  2(LC)'^. 

The  reproducibility  of  output  pulses  is  excellent, 
when  viewed  by  both  602  A  and  7250  digitizers 
(Fig.  2).  The  efficiency  of  the  system  defined  as 
the  ratio  of  the  output  voltage  to  40  times  the 
charging  voltage  (of  7  to  14  kV)  is  about  80  %. 
No  attempt  was  made  to  minimize  the  rise-time 
characteristics.  If  this  would  be  necessary,  the 
system  should  be  placed  in  a  metallic  enclosure,  so 
that  the  pressure  could  be  raised  from  current  7  psi 
to  50  plus  psi’.  We  need  only  to  follow  the  path 
used  in  the  electrical  switch  gears  in  gas-insulated 
apparatus.  It  is  believed  that,  this  system  should  be 
superior  in  respect  to  the  rise-time  characteristics 
to  the  system  given  in  Ref.  [3].  In  the  current 
form,  the  system  could  be  used  to  power  a  high- 
current  relativistic  magnetron  (Brasile  et  al  [4])  or 
Backward-Wave  Oscillator  (Schamiloglu  et  al,  [5]). 

3.  PFN  Marx:  To  broaden  the  width  of  the  pulse, 
the  lumped  LC  networks  are  employed  in  each 
stage  of  Marx.  We  have  introduced  purposely  the 
inductance  between  the  individual  capacitor  to  get 
a  PFN.  Some  other  arrangements  of  PFN  (e.g. 
Guillemin  type  "C"  network)  are  discussed  by 
Crovey  et  al  [6].  In  our  case  we  have  used  ten 
2.7  nF,  40  kV  Murata  capacitors  separated  by  a 
small  inductance  in  each  stage.  This  facilitates  the 
duration  of  the  pulse  of  373  ns  duration  (Fig.  3).  If 
longer  pulse  is  required  more  LC  stages  could  be 


Fig.  1.  Top:  Photograph  of  the  conventional  six  stage- 12  capacitors  (0.09  pF,  75  kV,  each)  Marx 
generator.  A  is  the  waveform  at  the  beginning  of  the  load.  With  capacitive  probe,  the  rise-time  is 
1  ns  at  300  to  500  kV.  If  the  load  is  placed  in  a  coaxial  enclosure  the  rise-time  falls  to  0.4  ns.  B  is 
the  waveform  obtained  using  two  resistors  of  400  and  300  Q  connected  in  series.  With  the  resistive 
probe,  the  voltage,  B  is  measured  across  a  300  fi.  The  resistor  ahead  of  the  probe  acts  as  an  antenna 
(that  radiates  high  frequency  components  of  the  pulse),  therefore,  the  rise-time  "rises"  from  1  ns  to 
7-12  ns.  The  waveform  C  was  obtained  as  in  B,  but  with  a  triggered-crowbar  switch  activated  at 
1.025  ps.  The  crowbar  action  can  be  applied  in  programable  steps  from  400  ns  to  1  ps.  A  trigger 
pulse  of  200  kV  and  20  ns  duration  was  used. 
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added.  We  find  that  the  rise-time  remains  the  same 
if  more  LC  stages  are  added  or  if  the  PFN  is 
reduced  to  a  single  stage. 

The  computer  modelling  of  the  performance  of 
8,  24  and  40-stage  Marx  generators  were  carried 
out  using  "PSpice"  program.  Internal  PFN  features: 
the  characteristic  impedance  (=(L/C)’^)  and  the 
pulse  width  (=2(LC)'^)  were  considered.  Also,  we 
find  that,  the  coupling  capacitance  between  stages 
and  switch  characteristics  must  be  taken  into 
account  in  the  computer  simulation.  The 

experimental  results  are  well  accounted  for  by  a 
PSpice  computer  simulation  as  long  as  the 
experimental  values  of  the  formative  time  lag  of 
the  switch’s  breakdown  were  correctly  observed.  In 
zero  order  approximation,  we  get  that,  if  the 
characteristic  impedance  of  the  stage  is  Zo=(L/C)’^, 
then  the  output  impedance  of  the  system  is  nZ,,. 
The  pulse  width  of  the  system,  T  is  governed  by  a 
single  stage:  T=(LC)''l  "Smart  gas  mixture"  used 
in  the  generator  can  contribute  to  minimizing  the 
ripple  at  the  flat  portion  of  the  pulse.  However,  this 
is  a  challenging  task  because:  (a)  it  is  rather 
difficult  to  produce  a  pure  resistive  load  required 
to  do  the  test  covering  the  entire  frequency  range 


Fig.  2.  Top:  Photograph  of  forty-stage  Rim-Fire.  The  system  is  enclosed  in  a  11"  diameter  plexiglas 
tube.  24  copper  rods  of  1/4"  diameter  are  enclosed  in  1"  diameter  plexiglas  tubes  to  provide  the 
return  current  path. 

Waveforms:  A,  B  and  C  of  Rim-Fire  at  low  (400  kV)  output  voltage  into  a  100  Q  load.  A  &  B 
recorded  with  602A  digitizer.  C  recorded  with  7250  digitizer  (2  ns/div;  273  ps  rise-time).  The  dip 
on  the  flat  portion  of  the  pulse  at  around  15  ns  is  due  to  imperfection  of  the  resistive  termination. 
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from  d.c.  to  giga-Hertz  and  (b)  it  is  difficult 
to  construct  a  H.V.  resistive  probe  that  eould 
be  as  fast  as  the  eapacitive  probes.  To 
simplify  the  engineering  task,  a  single 
switeh  per  stage  was  used  in  Fig.  3  resulting 
in  the  rise-time  of  4  ns. 

In  all  systems  an  effort  was  made  to 
reduce  the  size  and  weight  and  to  make  the 
systems  portable.  The  eo-axial  strueture 
offers  the  possibility  of  combining  the  Rim 
Fire  technology  with  the  classical  LC 
networks  in  order  to  achieve  an  ultra  fast 
rise-time  and  long  duration  pulses.  With 
inductive  charging,  the  pulse  repetition 
frequeney  of  10  Hz  can  be  aceomplished. 
Conclusions:  Conventional-  and  PFN  Marx 
are  applicable  to  the  "Super-Reltron"  tube 
described  by  Miller  et  al  [7].  It  is  frequently 
stated  that  this  tube  has  an  extended 


frequency  coverage,  excellent  efficiency 
(due  to  good  electron  bunching  and  small 
energy  spread  of  the  electrons  in  the 
bunches),  and  convenient  output 
configuration.  We  are  interested  to 
understand  the  onset  characteristics  in  the 
tube’s  modulating  cavity  using  our  pulsers. 
We  want  to  appreciate  the  importance  of  the 
observations  by  Scarpetti  et  al  [8]  that,  a  full 
space-charge  limited  current  is  fully 
established  at  400  kV/cm  for  velvet  (cloth 
fiber)  cathodes  and  the  emitted  current  can 
follow  the  nano-seconds  rise  time  of  the 
applied  voltage  pulse. 
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Fig.  3.  Top:  Photograph  of  8-stage-PFN-Marx.  The  system  is  enclosed  in  a  11"  diameter  plexiglas 
tube.  Bottom;  The  pulse  width  of  the  waveform  is  372.6  ns  and  rise-time  about  4.2  ns. 
Reproducibility  of  the  pulse  is  excellent. 
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Abstract. 

The  method  of  the  energy  switching  in  the  two-electrode  sharpening  discharged  switch 
gap,  when  voltage  pulse  with  variable  rise  velocity  (du/dt=10”T0'''  V/s)  is  applied  to  the 
between  switch  electrodes,  is  concidered.  The  switch  was  set  in  the  circuit  with  the  inductive 
energy  store  and  current  switch  (IGUR-3),  that  is  used  to  switch  of  the  energy  to  the 
accelerator  tube.  The  switch  gap  change  controlls  the  voltage  (current)  pulse  front  in  the  range 
15-250  ns.  The  switching  current  amplitude  is  ~  80  kA  with  voltage  up  to  ~  7  MV. 

Introduction. 

The  different  duration  pulses  formation  essentially  extends  the  possibility  of  the  IGUR- 
3  accelerator  to  research.  To  obtain  the  required  duration  of  the  pulse  front  the  sharpening 
discharger  switch  gap  must  be  changed.  The  switch  operation  in  the  all  range  of  the  rise 
velocity  of  the  voltage  pulse  is  provided  by  the  gap  change  in  the  range  from  20  mm  to  1 50 
mm.  In  this  case  the  number  of  the  energy  switching  channels  change  in  the  range  from  1  to  5 
(7  switching,  channels  were  obtained  in  the  experiment  with  5  high-voltage  electrodes). 

Experimental  Setup  and  Results. 

Circuits  with  the  inductive  energy  store  and  the  electrically  exploding  wires  (EEW) 
switch  of  current  is  used  to  produce  overvoltages  and  to  form  voltage  pulse  of  required  shape 
and  duration.  In  the  direct  action  IGUR-3  accelerator  [1]  the  mentioned  scheme  (see  fig.  1)  is 


Fig.l 

Simplified  circuit  of  IGUR-3  accelerator 
Cl,C2-capasitor  stores  (Marx  generator);  L1,L2 -inductive  stores; 
EEW-exploding  wires;  AT-accelerator  tube;  S -sharpening  discharged 
switch;  S I -triggering  discharged  switch. 

'  The  work  was  supported  by  ISTCprojekt  #271 
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used  for  the  production  of  voltages  up  to  U  -  7  MV  with  their  subsequent  switching  to  the 


acceleration  tube  (AT).  The  typical  voltage  waveform  for  EEW  of  IGUR-3  accelerator  is 
represented  in  fig.2. 

The  characteristic  peculiarity  of  such  pulse  is  the  presence  of  pre-pulse  of  -  1,7  ps  duration 


0  60 


Fig.  3. 

Schematic  of  the  sharpenting  discharged  switch. 

1 -high-voltage  electrode;  2-high-voltage  flange  of  AT. 
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and  main  (working)  pulse  with  variable  rise  velocity  in  the  du/dt  range  between  1  •  10’‘  and  !• 
lO’'*  V/s. 

To  switch  the  energy  for  loading  at  the  IGUR-3  accelerator  usage  is  made  of  the  oil 
two-electrode  sharpening  discharged  switch,  which  can  operate,  under  the  certain  conditions, 
in  the  mode  of  "controlled"  multiple  channel  switching  of  energy.  The  switch  design  is  given  in 
fig.3.  High-voltage  electrode  consists  of  the  cylinder  60  mm  in  diameter  with  the  notch  at  its 
end.  Second  electrode  is  the  plate  high-voltage  flange  of  acceleration  tube.  The  electrodes  are 
made  of  steel. 

Conditions  of  the  origin  of  the  first  discharge  channels,  the  velocity  of  their  propagation 
and  the  dynamics  of  overlapping  by  them  of  the  oil  discharge  gap  are  essentially  determined  by 
the  state  of  the  surface  of  high-voltage  electrode,  by  the  value  of  electric  field  strength  and  by 
the  voltage  pulse  rise  velocity  rise,  Gap  variation  from  20  to  1 60  mm  inside  the  switch  allows 
its  operation  within  the  whole  du/dt  range.  The  increase  of  the  gap  in  the  switch  leads  to  du/dt 
rise  when  switch  comes  into  action  and  to  realization  of  energy  switching  mode  at  a  number  of 
channels  n>l.  At  increase  of  the  gap  (hp>30  mm)  the  velocity  and  the  time  of  the  development 
of  primary  channels  don't  permit  to  overlap  the  gap  by  one  of  them  and  the  time  of  the  process 
(t<3  ns)  doesn't  provide  the  conditions  of  primary  channel  transfer  to  leading  one  [2].  At 
significant  du/dt  rise,  that  leads  to  important  increase  of  electric  field  strength  at  "the  head"  of 
the  primary  channels,  the  break-down  along  several  channels  takes  place.  With  du/dt  rise,  a 
number  of  the  energy  switching  channels  in  the  switch  gap  increases.  In  fig. 4  the  dependence 


tf  (ns) 


Fig.  4. 

Voltage  pulse  front  as  a  function  of  the  number  of  switching  channels. 


of  the  front  duration  of  voltage  to  AT  on  a  number  of  switching  channels  is  shown. 
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It  is  to  note  that  the  important  role  in  the  realization  of  multiple  channel  switching 
mode  is  played  by  the  structure  of  high-voltage  electrode  surface.  With  polished  electrode 
surface  the  mode  of  multiple  channel  switching  isn't  observed. 

The  conditions  of  the  realization  of  "controlled"  multiple  channel  switching  mode  are 
the  following: 

-  voltage  pulse  with  variable  rise  velocity  (at  du/dt>10'^  V/s)  is  passed  to  high-voltage 
electrode  of  the  sharpening  dischar  ged  switch; 

-  discharger  switch  has  to  come  into  action  along  all  du/dt  range  of  passed  voltage 

pulse; 

-multiple  channel  switching  modes  and  the  stability  of  the  operation  of  pulse  front 
reducing  discharger  in  required  mode  is  being  achieved  as  a  result  of  the  forming  of  determined 
structure  of  high-voltage  electrode  surface. 

Conclusion. 

The  proposed  method  of  the  pulses  formation  with  the  different  front  duration  permites 
simply  and  without  expense  to  control  the  pulses  duration  and  one  is  widely  used  on  IGUR-3 
accelerator  in  carrying  out  of  researches. 
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Abstract. 

Energy  concentration  in  fast  Z-pinch  investigation  experiments  on  8-module  10  TW 
pulsed  power  S-300  generator  (1.3  MV,  45  ns  FWHM,  0.15  Q)  is  realized  by  a  3-d  vacuum 
energy  concentrator.  The  concentrator  was  constructed  on  the  basis  of  triplate  MITLs 
connected  parallelly  at  the  central  unit  where  Z-pinch  is  formed.  At  some  start  up  experiments 
on  8-module  installation  version  at  700  kV  incident  wave  amplitude  on  concentrator  for  a  gas 
puff  load  current  of  4  MA  with  rise  time  of  about  60  ns  was  obtained.  The  efficiency  or 
current  transfer  from  the  concentrator  input  to  the  load  for  both  a  gas  liner  and  a  short- 
circuited  case  was  practically  the  same. 


Introduction. 

For  carrying  out  experiments  on  fast  Z-pinch  investigation  in  RRC  "Kurchatov 
Institute"  the  8-module  pulsed  power  (10  TW)  generator  S-300  was  constructed  [1].  The 
S-300  Installation  was  designed  for  obtaining  the  output  voltage  pulse  or  1.3  MV  with  300  kJ 
of  total  energy  at  0.15  Q  output  impedance  with  45  ns  FWHM  voltage  pulse  length. 

In  this  paper  we  report  experimental  results  on  energy  concentration  at  the  output  of 
S-300.  Generator  with  a  peak  current  of  up  to  4  MA  with  a  rise  time  of  60  ns  delivered  to  a 
liner  load. 


Experimental  Results. 

The  energy  transportation  from  the  generator  is  accomplished  by  a  vacuum  3-d  energy 
concentrator  (EC)  [2].  A  high-voltage  pulse,  created  by  the  installation  forming  system,  is 
transferred  into  the  vacuum  energy  concentrator  through  a  1-m  diameter  insulator  stack 
assembly  (Fig.  1).  The  EC  was  constructed  on  the  base  of  self  magnetically  -  insulated 
transmission  lines  (MITLs).  It  consists  of  16  homogeneous  triplate  MITLs  of  20  cm  length 
with  a  strip  width  of  8  cm  connected  electrically  in  parallel.  At  the  EC  input  they  are 
connected  to  the  water  pulse  forming  transmission  lines,  whereas  on  the  EC  output  to  8 
nonhomogeneous  triplate  MITLs  (each  homogeneous  pair  of  MITLs  is  connected  to  one 
nonhomogeneous  line.  All  these  three  lines  are  situated  in  the  same  vertical  plane). 
Nonhomogeneous  MITLs  were  connected  to  the  central  unit,  where  load  is  mounted.  The 
central  unit  consist  of  two  coaxial  cylinders.  Outside  cylinder  of  80  mm  i.d.  is  a  return  current 
conductor  whereas  the  inner  one  serves  as  a  Z-pinch  valve  holder.  The  MITL’s  gap  is  equal  to 
1  cm.  The  total  inductance  of  the  output  electrical  circuit  was  «  10  nH. 

Optimization  of  EC  was  carried  out  on  the  basis  of  a  model  described  the 
nonstationary  processes  in  MITLs  [3].  For  calculation  of  S-300  output  parameters  the 
telegraph  equations  were  used.  At  numerical  simulation  of  wave  processes  in  a  MITL  an 
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Fig.  1  The  S-300  Installation  output  unit 

1  -  water  transmission  lines, 

2  -  insulator 

3  -  homogeneous  MITLs 

4  -  gas  valve 

5  '  nonhomogeneous  MITLs. 
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Fig.  2  Dependences  of  calculated  and 
experimental  currents  vs  time. 
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Fig.3  Experimental  dependences  or  input  current  lin  (1)  and  output  current  lout  (2)  vs  time  and  VUV- 
XR  diode  unfiltered  (3)  and  filtered  (4)  signals  and  visible  light  frames  (10  ns  exposures  of  the 
imploding  plasma  loads. 


electron  leakage  non-linear  current  was  accounted.  The  liner  motion  was  described  by  0-D 
equation  approximation.  It  is  proposed  that  S-300  Installation  consists  of  8  water  pulse 
forming  lines  which  via  gas  switches  were  connected  to  a  pair  or  water  pulse  transmission 
line.  The  output  transmission  lines  are  connected  to  the  same  electrode.  At  calculations  each 
forming  line  was  closed  in  its  fixed  moment.  This  permits  to  model  the  S-300  modules 
operation  time  spread. 

The  EC  input  and  output  current  was  measured  using  magnetic  loops  attached  to  the 
grounded  electrodes  of  the  homogeneous  MlTLs  and  to  the  load's  outside  cylinder.  The  output 
voltage  was  measured  with  a  resistive  divider.  In  experiments  on  S-300  Installation  in 
8-module  version  at  700  kV  of  incident  wave  amplitude  for  short-eircuited  EC  regime  up  to 
4  MA  output  current  with  rise  time  of  about  60  ns  was  obtained  (see  Fig.  2).  The  efficiency  of 
current  transfer  on  EC  to  the  inductive  load  (L  <  1  nH)  was  more  then  85  %.  It  should  be 
pointed  out  that  the  measured  eurrent  pulse  length  exceeds  the  calculated  one.  This  can  be 
explained  that  in  numerical  calculations  are  not  fully  accounted  for  the  real  processes  of  pulse 
forming  and  liner  eompression  dynamics. 

Fig.  3  presents  some  typical  oscilloscope  traces  of  the  output  current,  VUV-XR  diode 
signals  and  6-ffame  image-converter  photographs,  obtained  in  experiments  on  gas  implosion 
stability.  In  these  investigations  the  current  reached  4  MA  with  rise  time  or  about  60  ns.  The 
output  voltage  at  the  end  of  non-homogeneous  MITLs  exceeded  500  kV.  In  experiments  on 
the  gas  liner  stability  investigation  the  efficiency  of  current  transfer  through  the  EC  depends 
weakly  on  liner  dynamics  and  was  (85  ±  8)  %.  The  divergence  of  input  and  output  current  tails 
was  observed.  The  output  current  is  more  delayed.  It  can  be  explained  by  VUV  radiation 
illumination  or  magnetic  loops  and  EC’s  electrodes  near  the  load  as  well.  Several  hundred 
joules  of  radiated  energy  in  the  VUV-range  spectrum  with  the  average  60  eV  quanta  energy 
will  be  enough  for  plasma  formation  on  MITL’s  electrodes  and  loops  [4]. 


Conclusions. 

The  3-d  vacuum  energy  S-300  Installation  concentrator  have  been  developed  for 
experiments  on  gas  puff  liner  implosions.  This  system  is  able  to  efficiently  (>85  %)  transport 
high  peak  (4  MA),  fast  risetime  (60  ns)  currents  to  the  loads.  Experimentally  obtained  current 
peak  values  are  close  to  the  calculated  predictions. 
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HIGH  VOLTAGE  NANOSECOND  GENERATOR  WITH  PULSE 
REPETITION  RATE  OF  UP  TO  1,000  P.P.S. 

V.  P.  Gubanov,  S.  D.  Korovin,  and  A.  S.  Stepchenko 
High  Current  Electronics  Institute,  Tomsk,  RUSSIA 


A  compact  high  voltage  nanosecond  generator  is  described  with  pulse  repetition  rate 
of  up  to  1,000  p.p.s..  The  generator  includes  a  30-Ohm  coaxial  forming  line  charged  by  a 
built-in  Tesla  transformer  with  high  coupling  coefficient,  and  a  high  voltage  (N2)  gas  gap 
switch  with  gas  blowing  between  the  electrodes.  The  maximum  forming  line  charge  voltage  is 
450  kV,  the  pulse  duration  is  ~  4  ns  and  its  amplitude  for  a  matched  load  is  up  to  200  kV. 

The  aim  of  present  work  was  an  attempt  to  create  a  compact  high  voltage  nanosecond 
generator  operating  at  possibly  higher  pulse  repetition  rate  with  high  amplitude  stability  kept. 
Such  generators  [1-3]  could  be  applied  to  create  powerful  sources  of  ultrawide  band 
electromagnetic  radiation  [4],  nanosecond  microwave  pulses  [5],  etc. 

As  a  basis,  a  monopolar  pulse  generator  diagram  was  chosen,  with  coaxial  forming 
line  and  a  Tesla  transformer  with  high  coupling  coefficient  [2].  The  design  of  the  generator  is 
given  in  Fig.  1.  The  forming  line  (1)  with  the  built-in  Tesla  transformer  (5,6,7)  is  placed  in  a 
cylindrical  case  filled  with  transformer  oil.  The  open  ferromagnetic  core  (5)  of  the  transformer 
serves  simultaneously  as  the  outer  and  the  inner  conductor  of  forming  line.  The  primary 
winding  (6)  consists  of  single  turn.  The  conic  secondary  winding  (7)  is  placed  on  a  cartoon 
framework  and  has  1,200  turns.  The  supporting  insulators  (4)  made  of  Lucite  provide  high 
rigidity  and  electric  strength  of  forming  line. 


The  parameters  of  forming  line  are  listed  in  Table  1.  To  discharge  the  forming  line,  a 
two-electrode  gas  switch  (2)  is  used  filled  with  nitrogen.  The  breakdown  voltage  (L4)  is  varied 
by  changing  of  gas  pressure  (0-4-30  Atm). and  electrode  gap  (0.5-^1.2  cm).  At  repetition  rate 
over  10  p.p.s.,  the  gas  is  blown  across  the  gap.  To  form  the  gas  flow,  the  collimator  (8)  is 
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used.  The  transmitting  line  (3)  serves  to  deliver  the  generated  high  voltage  pulse  to  the  load. 
The  active  load  was  placed  at  the  output  of  transmitting  line  to  withdraw  the  energy  from  the 
system. 


Length 

34  cm 

Outer  diameter 

12  cm 

Insulation 

transformer  oil 

Electric  length 

3,5  ns 

Wave  impedance 

30  Ohm 

Capacitance 

70  pF 

Maximum  charge  voltage  - 

450  kV 

Charge  voltage  at  200  p.p.s. 

350  kV 

Charging  time  for 

6  mks 

Efficiency  of  Tesla  transformer 

50% 

! 

Table  1. 


One  of  the  merits  of  the  design  is  that  rectified  power  network  voltage  is  used  in  the 
primary  of  Tesla  transformer  without  intermediate  energy  transformation.  This  allows  to  use 
thyristor  switches  in  the  primary  circuit  of  store  which  possess  extended  live  span  and 
therefore  provide  operation  at  high  repetition  rate. 

The  power  source  is  the  rectifier  of  network  voltage  AC  220  V.  Since  the  coupling 
coefficient  between  the  contours  of  Tesla  transformer  is  high  {k  ~  1),  the  voltage  across  the 
forming  line  (t/?)  follows  the  law  [6]: 

N.  a  t 

U-,  ~U,  X  - X  - X  ri  -  COSiTT — •)] 

a  +  1  to, 

where  Uj-is  the  primary  capacitor  voltage,  N],  -  are  numbers  of  turns  in  the  primary  and 

secondary  windings  of  Tesla  transformer,  respectively,  a  is  the  relative  destining  of  contour 
self  frequencies;  tch  is  the  moment  of  time  at  which  U2  «  1/2"“^-  The  high  voltage  gas  switch  is 
always  tuned  so  that  its  breakdown  occurs  at  to<  tch,  and,  consequently,  t4  <  This  is 

necessary  to  avoid  non-breakdowns  of  the  switch  and,  consequently,  the  possibility  of 
breakdown  of  forming  line  due  to  prolonged  application  of  electric  fields  to  its  insulation.  The 
energy  is  recuperated  through  the  inductance  after  the  gas  switch  operation.  The  time  required 
for  one  operation  cycle  of  generator  is  t\t  ^  400  mks. 

In  the  experiments,  the  shape  of  generated  high  voltage  pulses,  their  amplitude  Umax 
and  pulse-to-pulse  instability  a  have  been  monitored.  In  Fig.  2,  typical  trace  of  voltage  pulse 
is  shown  obtained  by  high  speed  oscilloscope.  The  maximum  voltage  Umax  was  measured  with 
the  use  of  peak  voltmeter  [7].  The  value  <7  has  been  determined  as  the  relative  mean-square 
deviation  of  Umax  around  its  average.  Usually,  about  1000  consequent  pulses  have  been  used 
for  averaging.  In  course  of  experiments,  live  span  tests  of  generator  has  been  made  as  well. 

Measurements  of  a  for  various  blowing  speed  in  dependence  on  pulse  repetition  rate 
(fr)  have  been  made  in  a  wide  range  of  gas  pressure  in  the  switch  (/*).  The  shapes  of  curves 
G(fr)  show  that,  at  a  given  gas  velocity,  a  limit  value  fcriV)  of  repetition  rate  exists  above  that 
the  instability  rises  steeply.  Typical  distributions  of  Umax  show  that,  dXf>fcr  {2)  the  possibility: 
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of  switch  breakdown  at  lower  strength  of  electric  field  increases  because  the  gas  with 
decreased  electric  strength  does  not  leave  the  discharge  gap  in  time.  In  the  experiments  done, 
varied  from  10  up  to  10  p.p.s.. 


Fig.  2.  Voltage  pulse  trase 


The  limit  repetition  rate  of  gas 
switch  operation  at  a  given  gas 
velocity  depends  on  its  geometry  and 
rises  with  decrease  of  electrode  radii. 
The  maximum  gas  velocity  in  the  gap 
was  not  measured  but  is  estimated  to 
the  pulses  tend  to  be  more  unstable  at 
higher  gas  pressure.  As  the 
experiments  showed,  significant 
change  in  instability  occurs  in  the 
diapason  of  electric  field  in  the  gap 
from  300  to  500  kV/cm.  Possibly,  this 
is  caused  by  effects  of  explosive 
emission  excited  on  electrode  surfaces 
on  breakdown  process.  [9]. 
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3.  Dependence  of  high  voltage  pulse 
amplitude  instability  on  gas  pressure, 
at  optimum  gas  blowing  speed 
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High  electric  strength  of 
construction  allowed  to  charge  the 
forming  line  to  ~450  kV  at  repetition 
rate  of  ~  10  p.p.s..  The  stored  energy 
therewith  was  ~  7  J,  and  the  power  in 
the  load  was  ~1.5  GW.  At  repetition 
rate  exceeding  10  p.p.s.,  the  elements 
of  primary  circuit  have  been  cooled  as 
well  as  the  gas  within  the  switch,  and 
the  maximum  charge  voltage  of 
forming  line  was  decreased.  The  trials 
showed  that  the  generator  equipped  by 
cooling  system  is  able  of  continuous 
operation  at  charge  voltage  of  ~350  kV 
and  pulse  repetition  rate  ~200  p.p.s..  In 

Pn  = 


this  case,  the  power  of  pulse  is  ^ 
GW,  and  the  average  power  of  generated  pulses  is  Pav  ~  Pp'^  ~  1  kW  where  r  is 
duration  and  R  is  the  load  resistance. 


Since  the  forming  line  with  the  built-in  Tesla  transformer  was  not  cooled,  its  heating 
took  place  in  case  of  increased  pulse  repetition  rate  and  prolonged  operation.  The  maximum 
acceptable  temperature  at  which  no  significant  changes  in  mechanical  strength  of  construction 
occur  is  estimated  to  60°C.  If  the  average  power  of  pulses  is 


Pav> 


n 

l-T] 


XXxMcr, 


(where  %  is  the  heat  conductivity  of  forming  line,  r\  -  forming  line  charging  efficiency),  than 
the  existence  of  temperature  limitation  leads  to  limitation  of  continuous  work  time  of 
generator  (At): 
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C*  77 

&.t<  — xln.[l--; - (xy^ATcr/Pav)]'' 

;!r  1-^ 

Here,  C  is  the  heat  capacity  of  forming  line,  {Ch£)  is  the  typical  time  to  reach  the  steady-state 
regime.  In  our  case,  (C/x)  ~10  min,  AT’cr~40°C,  ri~0,5.  The  critical  level  of  average  power  of 
pulses  is  Paxf-jy-^Tcr  ~  1  kW.  At  pulse  repetition  rate  1000  p.p.s.  and  Pa^,  ~  Pa"  ,  the 
maximum  voltage  in  the  load  was  ~90  kV.  For  Pav'"^  kW  ,  Umax  was  ~120  kV,  while  the  time 
to  reach  the  maximum  acceptable  temperature  was  ~5  min.  Continuous  operation  of  generator 
at  Pav>  Pa"  can  be  realized  by  inputting  additional  cooling  elements  in  the  design. 
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Abstract 

The  high-voltage  generator  with  inductive  energy  store  and  fuses  as  opening 
switch  that  generated  series  of  powerful  pulses  is  considered.  It  differs  from  an  ordinary 
generator  with  inductive  store  by  different  cross-section  of  series  copper  wires.  The  pa¬ 
rameters  of  wires  are  chose  from  the  empirical  relations.  The  generation  principle  has 
been  tested  on  the  two  high-voltage  generators  with  characteristic  impedance  2.2  ohm,  4 
ohm  and  with  output  voltages  140  kV;  420  kV,  respectively.  Copper  wires  of  diameter 
0.1... 0.23  mm  have  been  used.  Series  from  2  to  5  pulses  of  100... 300  ns  duration, 
400...  1000  kV  amplitude  and  1-10  GW  power  have  been  obtained.  Pulses  can  be  both 
the  same  and  different. 

Two  successive  bremsstrahlung  radiation  pulses  have  been  obtained  on  devices 
EMIR-M  and  IGUR-3. 

Series  power  megavolt  pulses  can  be  generated  with  power  more  10"  W,  pulses  du¬ 
ration  10'-’  ...10'^  s  and  time  interval  between  them  10  '^  ...10'^  s. 

Introduction 

The  generator  occupy  intermediate  position  between  mono  -  pulse  generators 
and  repetitive  power  generators.  It  creates  series  of  powerful  pulses  >  10'°  W,  when 
Marx  generator  or  capacitor  store  is  used  as  initial  energy  source.  It  differs  from  ordi¬ 
nary  generator  with  inductive  store  by  different  cross  -  section  of  series  copper  wires. 

Parameters  of  exploding  wires  are  defined  from  relationships: 

n 


Z  Ki-p  <  z  Ri<  2-p 

i=l  i=l 

(1) 

S,  <  S2<  ...  <Si  <  W/(^-p), 

(2) 

where  Rl  -  initial  resistance  of  i  -  series  wires  (  ohm  );  n  -  amount  of  series  wires; 

W  -  power  of  store  (  J  );  ^  -  matter  constant  (  for  copper  ^  =  2-10°  AVcm**  -s  ); 
s  -  cross-section  of  exploding  wires  (cm^);  p  -  characteristic  impedance,  Ki  >  0.03. 

Experimental  configuration  and  results. 

Generator  has  been  investigated  on  two  Marx  generators  with  voltage  U  =  420 
kV  and  Ui  =140  kV  and  characteristic  impedance  2.2  ohm  and  4.4  ohm,  respectively. 

Scheme  of  experimental  setup  is  showed  on  figure  1.  Resistor  divider  and  Ro- 
govsky  coil  have  been  used  for  the  measurement  voltage  and  current.  The  generation 
principle  has  been  investigated  on  two  Marx  generators  with  loads  13.5  ohm,  18  ohm, 
27  ohm,  53  ohm,  106  ohm.  Fig.  2  shows  voltage  pulse  amplitudes  as  function  of  the 
load  for  series  from  three  pulses.  Wires  with  diameters  0.25  mm,  0.29  mm,  0.33  mm  and 
lengths  0.5  m,  0.7  m,  0.9  m,  respectively,  have  been  used  with  420  kV  Marx  generator. 
Such  wire  combination  is  marked  as  (0  0.25  mm  x  0.5  m  )  +  (0  0.29mm  x  0.7  m  )  +  (0 
0.33  mm  x  0.9  m).  One  can  see,  that  strong  decrease  of  pulse  amplitudes  is  observed 
when  load  is  less  50  ohm.  Fig.  3  shows  voltage  pulse  amplitudes  as  function  of  the  load 
for  series  from  four  pulses  with  wire  parameters  (0  0.23  mm  x  0.2  m  )  +  (0  0.27  mm  x 
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0.2  m  )  +  (0  0.29  mm  x  0.25  m  )  +  (0  0.31  mm  x  0.35  m  ).  Voltage  pulses  have  equal 
amplitudes,  therefore  they  flow  together  for  equal  loads.  Analogous  results  have  been 
turned  in  other  combinations  of  diameter  and  length  wires. 

L 


Rl  -  load;  (Ri  -  R2)  -  voltage  divider. 


The  voltage  pulse  amplitude  as  function  of  the  load  impedance  under  exploding  wires 
with  parameters  (0  0.25  mm  x  0.5  m)+(0  0.29  mm  x  0.7  m)+(0  0.33  mm  x  0.9  m). 
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Fig.  3. 

The  voltage  pulse  amplitude  as  function  of  load  impedance  under  exploding  wires  with 
parameters  (0  0.23  mm  x  0.2  m)+(0  0.27  mm  x  0.2  m)+(0  0.29  mm  x  0.25  m)4-(0  0.31 

X  0.35  m). 

Fig.  5  (  a,  b  )  shows  series  from  3... 4  high  voltage  pulses  and  exploding  wires 
currents.  One  can  see,  that  various  durations,  amplitudes,  shapes  of  series  pulses  could 
be  obtained. 

The  generation  principle  is  tested  also  on  devices  EMIR-M  [1]  and  IGUR-3  [2]. 
Two  successive  bremsstrahlung  radiation  pulses  were  obtained  an  device  EMIR-M  (  fig. 
4  ).  Dose  rate  was  2... 3-10*  R/s  on  1  meter  from  output  window  in  every  pulse.  Two 
bremsstrahlung  radiation  pulses  have  been  obtained  on  the  IGUR-3  with  duration 
50. ..200  ns  and  dose  rate  about  10'®  R/s  near  anode  with  time  interval  from  0.65  ps  to 
1.7  ps. 


I 


P 


Fig.  4. 

Scale  Mi  =  1.3  kA/mm;  P  =  3-10®  R/s; 
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200  ns/div 


Fig.  5. 


Conclusion. 

The  generation  principle  had  been  investigated  on  two  Marx  generators  and  had 
been  tested  an  working  installations  IGUR-3  and  EMIR-M.  It  is  showed  efficiency  with 
loads  of  type  the  vacuum  diode  and  the  constant  resistor.  Series  high  voltage  pulses  can 
be  generated' with  power  more  10'®  W,  duration lO-’  ...10-«  s  and  time  interval  between 
them  10-^...10‘^  s. 
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Abstract 

Self-magnetic  fields  of  intense  electron  beams  of  nanosecond  order  (-340 
keV,  -1  kA,  -10  ns)  diffused  through  the  walls  of  high-Tc  Bi-based  sintered  super¬ 
conductor  tubes  (Supertrons)  with  a  velocity  of  -10“^  m/s.  The  reaction  to  this  slow 
viscous  diffusion  confines  the  electron  beams  to  the  bores  of  the  tubes.  The 
velocity  will  be  one  of  criteria  for  applying  sintered  superconductors  to  high- 
frequency  devices.  The  magnetic  fields  that  were  confined  to  the  bores  increased 
with  lowering  operation  temperatures,  being  about  200  G  at  90  K  for  a  3-mm-thick 
wall  tube. 


Introduction 

Since  the  discovery  of  the  high-Tc  superconductor,  we  have 
proposed  and  developed  a  novel  lens  (Supertron)  for  charged  particle 
beams.  Despite  many  successful  experimental  results  [1]  including  a 
high-Tc  superconductor  wiggler  for  free-electron  lasers  and  an  electron 
beam  guide  for  induction  linear  accelerators,  the  principle  of  Supertrons 
was  not  confirmed  and  was  expected  to  be  as  follows;  When  intense 
charged  particle  beams  propagate  through  the  bores  of  superconducting 
tubes  (Supertrons),  the  self-magnetic  fields  of  the  beams  will  be 
confined  to  the  bores  because  of  the  Meissner  effect.  The  fields  confined 
will  be  enhanced  and  accordingly  focus  the  beams  themselves.  The 
tubes  guid  the  beams  along  their  axes  even  when  the  axes  are  curved  [1] 
as  laser  light  travels  along  optical  fibers.  In  this  paper,  we  tried  to 
observe  the  magnetic  fields  that  would  diffuse  through  supercon¬ 
ducting  walls  to  know  whether  sintered  superconductor  tubes  confine 
the  self-magnetic  fields  of  electron  beams  to  the  bores.  The  experi¬ 
mental  results  revealed  that  the  magnetic  fields  diffuse  through  the 
walls  with  a  slow  diffusion  velocity  of  -10^  m/s.  The  reaction  to  this 
slow  velocity  confines  the  fields  and  hence  the  electron  beams  to  the 
bores  of  the  tubes.  These  results  confirm  Roth's  simulated  results  [2] 
that  Supertrons  will  confine  electron  beams  even  when  the  self- 
magnetic  fields  diffuse  through  the  walls  of  superconducting  tubes. 

Experimental  apparatus 

Figure  1  shows  the  experimental  setup  used.  We  prepared  two  Bi- 
based  sintered  superconductor  lenses  (critical  temperature  Tc  =  ~103  K), 
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which  had  1.5-  and  3-mm  thick  wall  and  hence  inner  diameters  of  20 
and  17  mm,  respectively,  with  total  axial  lengths  of  55  mm.  The  lenses, 
which  were  composed  of  four  pipes,  were  glued  onto  the  inner  surface  of 
a  copper  heat  sink  with  electrically  conducting  silver-based  epoxy  resin. 
The  heat  sink  was  mounted  on  the  top  of  cold  head  of  a  refrigerator.  The 
sink  and  hence  lenses  played  a  role  of  anode  of  the  beam  diode  which 
consisted  of  the  cathode  and  the  lens.  Intense  electron  beams  (~340  keV, 
-1  kA,  ~10  ns)  were  field  emitted  from  the  cathode  and  accelerated 
toward  the  lens.  After  being  focused  with  the  lens,  the  electron  beams 
were  detected  with  a  Faraday  cup  which  was  placed  downstream  of  a 
titanium  foil  of  20  ^im  thickness  to  absorb  low-energy  plasma  electrons. 
To  detect  the  magnetic  fields  that  diffuse  through  the  tube  walls,  two 
Rogowski  coils  of  self-integrating  type  were  mounted  outside  the  lens 
tubes.  Each  coil  detected  such  magnetic  fields  that  propagated  through  a 
1.5-mm-wide  gap  fabricated  in  the  copper  heat  sink.  Neon  gases  of  0.1 
Torr  order  were  introduced  into  the  diode  region  and  into  the  bores  of 
the  tubes  to  realize  space-charge  neutralization.  Neon  gas  was  chosen 
because  it  has  the  lowest  thermal  conductivity  among  the  gases  that  do 
not  liquefy  at  liquid  nitrogen  temperature. 

Experimental  results 

Figure  2  shows  the  temporal  behaviors  of  magnetic  fields  detected 
with  the  Rogowski  coils.  The  first  and  second  peaks  correspond  to  the 
signals  from  the  entrance  and  exit  coils,  respectively.  The  second  peaks 
were  delayed  behind  the  first  peaks  by  410  ns.  The  tails  of  the 
waveforms  go  over  the  horizontal  zero  level  because  of  excessively  low 
values  of  the  electrical  resistors  used  for  integrating  the  output  of  the 
coils.  The  long  tails  of  the  waveforms  were  caused  by  the  after-glow 
produced  with  collisions  between  neon  gases  and  electron  beams.  From 
Fig.  2,  the  diffusion  velocities  of  magnetic  fields  through  sintered 
superconducting  walls  were  estimated  to  be  ~104  m/s  [3]. 

Figures  3  (a)  and  (b)  shows  the  temperature  dependences  of 
electron  currents  detected  with  the  Faraday  cup  and  of  magnetic  fields 
detected  with  the  Rogowski  coils,  for  1.5-  and  3-mm-thick  wall  tubes. 
The  Faraday-cup-detected  currents  were  almost  constant  below  the  Tc, 
because  all  the  electron  currents  that  entered  the  tubes  were  focused  for 
that  temperature  range  and  the  current  beams  were  focused  thinner 
with  decreasing  temperatures  [4].  We  can  say  thus  that  the  magnetic 
fields  incident  on  the  inner  surface  of  the  tube  walls  are  constant  below 
the  Tc.  On  the  contrary,  the  coil-detected  magnetic  fields  decreased 
when  the  tubes  were  cooled  below  the  Tc.  This  is  because  the  supercon¬ 
ducting  tube  walls  shielded  the  self-magnetic  fields  of  the  electron 
beams.  Therefore,  the  vertical  differences  between  the  broken  lines 
originating  from  the  top  data  for  the  Rogowski  coils  at  Tc  and  each 
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datapoint  mean  the  amplitudes  of  the  magnetic  fields  shielded  with  the 
walls.  These  shielded  fields  are  plotted  in  Fig.  4  as  a  function  of 
operation  temperatures.  The  3-mm-thick  wall  tube  shielded  higher 
magnetic  fields  than  the  1.5-mm  thick  tube. 

Conclusions 

Supertrons  were  revealed  to  function  effectively  by  temporally 
confining  the  self-magnetic  fields  of  electron  currents  to  the  bores  of  the 
superconducting  tubes.  The  confining  force  results  from  a  reaction  to  the 
slow,  viscous  diffusion  of  the  self- magnetic  fields  with  a  velocity  of  ~104 
m/s.  The  fields  confined  at  90  K  were  ~200  G  for  a  3 -mm  thick  wall. 
Static  magnetic  fields,  however,  diffuse  through  grain  boundaries  of 
sintered  superconductors.  Therefore,  for  confining  static  fields,  instead, 
we  should  use  melt-processed  materials  that  have  little  grain  boundaries. 

[1]  For  a  review,  see  Matsuzawa,  H., :  J.  Appl.  Phys.,  74  (1993)  Rill 

[2]  Roth,  P., :  J.  Appl.  Phys.,  77(1995)  4914 

[3]  Matsuzawa,  H.,  Matsushita,  A.,  Hayashi,  Y.,  Suganomata,  S., :  Appl.  Phys.  Lett.,  68 
(1996)2150 

[4]  Matsuzawa,  H,,  Kobayashi,  H.,  Mochizuki,  H.,  Yoneyama,  N.,  et  al.,  :  Jpn.  J.  Appl. 
Phys.,  33(1994)  2526 
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Fig.  1.  Experimental  apparatus. 


Fig.  2.  Temporal  behaviors  of  magnetic 
fields  detected  with  Rogowski  coils. 

1st  peaks:  entrance  coil.  2nd  peaks:  exit 
coil. 
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Fig.  3.  Temperature  dependences  of 
electron  currents  detected  with 
Faraday  cup  and  of  magnetic  fields 
detected  with  Rogowski  coils,  (a)  1.5- 
nun-  and  (b)  3 -mm- thick  wall  tubes. 


-976- 


P-3-76 


SYNCHRONIZATION  OF  67MJ,  50KV  PULSED  POWER 
CAPACITOR  BANKS  OPERATION 

V.G.Besuglov,  I.V.Galakhov,  A.S.Gasheev,  I.A.Grusin,  S.N. Gudov,  G.A.Kirillov, 
V.M.Murugov.  V.A.Osin,  and  V.N.Petrakov 

RFNC  -  VNIIEF,  Sarov  (Arzamas  -  16),  Russia 


Abstract 

The  paper  describes  a  sync  system  for  the  67MJ,  50kV  pulse  power  capacitor  bank  of 
the  ISKRA-5  facility’s  iodine  laser.  This  system  is  to  provide  synchronism  (a  jitter  within 
O.Sps)  in  firing  of  665  spark  gaps,  476  electric  discharge  pumping  sources  and  513 
flashlamps.  The  sync  system  is  designed  as  series-voltage  pulse  generators  to  be  fired  at 
specifically  predetermined  times.  Also,  the  system  ensures  switching  of  spark  gaps  in  a 
sequence  as  required  by  the  experiment  and  reliable  operation  of  pumping  sources.  Procedures 
to  maintain  high  interference  immunity  for  the  system  are  also  addressed. 

Introduction 

ISKRA-5  facility  includes  a  high-power  12-beam  iodine  laser  whose  design  is  based  on 
multistage  amplification  approach!  1].  In  this  way,  each  beam  en  route  from  the  master 
oscillator  to  the  final  of  the  optical  layout  is  made  to  go  through  5  amplification  stages 
consecutively,  each  stage,  in  turn,  consists  of  modules  each  having  a  high-pressure  spark-gap 
switch  to  discharge  the  capacitor  bank  energy  to  the  light  source  (xenon  flashlamp  or  electric- 
discharge  source)  [2].  The  sync  system’s  purpose  is  to  provide  simultaneous  power  delivery 
from  modules  to  flashlamp  by  controlling  the  power  module  switches. 

Table  1. 

Amplification  stage  descriptions 


Stage 

A1 

A2 

A2B 

A3 

A4 

Power  modules  in  a  channel 

1 

2 

4 

16 

32 

Power  modules  in  the  system 

12 

24 

48 

192 

384 

Light  source 

flashlamp 

flashlamp 

flashlamp 

EDS 

EDS 

Discharge  current  half-period,  iis 

10 

10 

30 

35 

35 

EDS  -  electric-discharge  source 


There  is  optimum  amplification  requirement,  that  the  laser  beam  should  be  shaped  by 
amplification  stages  with  magnetic  field  in  the  active  medium  being  at  the  minimum.  This  can 
be  achieved  by  transmitting  through  amplification  stages  a  single  laser  pulse  at  the  termination 
of  the  first  discharge  current  half-period  in  the  light  sources.  The  discharge  current  half-period 
varies  from  module  to  module  in  the  range  of  10  to  35|j.s. 

Thus,  it  is  the  major  purpose  of  the  ISKRA-5  sync  system  to  fire  665  high-pressure 
spark-gap  switches  and  match  in  time  the  current  zeroes  at  the  first  oscillation  half-period 
termination  in  all  the  light  sources  (see  diagram  of  fig.l).  Also,  the  jitter  for  the  current  zero¬ 
crossing  must  be  kept  within  Tips. 
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Fig.l.  Matching  current  zeroes  for  different  amplification  stages. 
Additionally,  the  sync  system  is  intended  to  trigger  electric-discharge  sources  (EDS). 
This  is  because  the  transient  voltage  that  occurs  with  the  module  firing  in  the  long  switch  to 
EDS  line  will  be  insufficient  to  make  the  breakdown  of  electric-discharge  sources  time- 
stabilised.  The  high-voltage  pulse  to  trigger  the  EDS  is  to  be  sent  simultaneously  with  the 
trigger  pulse  for  switches. 


Sync  System  Design  Approaches 

The  design  of  a  sync  system  for  pulse  capacitor  banks  is  based  on  the  following  three 
considerations:  trigger  pulse  characteristics  for  capacitor  bank  switches,  the  capacitor  bank 
structure  and  performance  algorithm. 

There  may  be  the  following  design  options  for  the  system: 

•  a  trigger  pulse  generator  individually  for  each  switch, 

•  a  single  multichannel  trigger  generator  for  all  the  switches, 

•  a  single  multichannel  trigger  generator  for  a  selected  functional  combination  of 
switches. 

The  first  option  is  generally  used  by  sync  systems  at  the  facilities  with  switches  having 
comparatively  low-voltage  (several  kilovolts)  triggering  (ignitrons,  thyristors,  etc.).  Trigger 
pulse  generators  in  this  case  are  normally  represented  by  inexpensive  thyristor  circuits  to  be 
integrated  into  a  low-voltage  operated  system.  The  second  option  is  commonly  used  to  design 
systems  having  relatively  few  switches.  Reportedly,  switches  have  the  higher  performance 
stability,  the  shorter  the  trigger  voltage  risetime. 

When  the  channels  are  many  (100  to  1000),  there  would  be  a  physical  limitation  on 
signal  shaping  with  shot  voltage  risetime,  which  is  due  to  the  generator’s  discharge  circuit 
having  high-voltage  signals  of  the  parasitic  components,  Lp  and  Cp.  This  is  why  it  would  be 
virtually  impossible  to  design  and  develop  a  multichannel  generator  to  trigger  100  to  1000 
switches. 

Therefore,  what  the  ISKRA-5  pulse  power  system  employs  is  the  third  option,  i.e.  where 
the  capacitor  is  to  be  divided  and  considerably  large  sections,  each  having  its  switches  to  be 
triggered  by  one  and  the  same  generator  of  the  sync  system.  The  sync  system  is  multistaged, 
each  stage  firing  the  consecutive  on  by  turn.  The  whole  of  the  sync  system  is  triggered  by  a 
low-voltage  pulse,  therefore  all  shot  delays  as  required  for  different  generators  are  made  at 
this  level. 
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Sync  System  Configuration 

The  Sync  System  Structural  Configuration  of  the  ISKRA-5  capacitor  bank  is  shown  in 
fig.2.  The  sync  system  units  can  be  altogether  subdivided  into  two  functions:  basic  sync 
equipment  and  channel  sync  equipment.  Functions  performed  by  the  basic  equipment  are  the 
same  for  all  the  channel  and  include  shaping  and  timing  of  triggering  pulses  from  the  firing 
signal  of  the  control  system. 

The  basic  equipment  includes  the  following  low-voltage  units:  sync  system  firing  unit 
(SSFU)  to  convert  the  control  system’s  trigger  signal  to  the  voltage  pulse  of  about  150V, 
trigger  pulse  multiplier  units  (TPMU),  and  delay  units  as  lines  to  delay  the  trigger  pulse  as 
specified  before.  High-voltage  units  are  channel  triggering  generators  (CTG)  to  fire  the 
switches  of  modules  A1  and  A2  and  switch  trigger  generators  (TPG-S2B,  TPG-S3,  TPG-S4) 
for  modules  ■A2B,  A3  and  A4  in  each  channel.  Together  with  trigger  generators  for  electric- 
discharge  sources  (TPG-DS3,  TPG-DS4),  the  latters  make  up  the  channel  synchronisation 
function. 

With  this  configuration,  the  sync  system  can  provide  the  required  delay  between  the 
module  shots  accounting  for  different  amplification  stages  and  match  the  current’s  zero¬ 
crossing  times  at  the  first  discharge  half-period  termination. 


Fig.2.  Schematic  diagram  of  the  ISKRA-5  sync  system. 


Notations  in  the  schematic  are:  SSFU-sync  system  firing  unit,  TPMU  -  trigger  pulse 
multiplier  unit,  DU-delay  unit,  CTG-channel  trigger  generator,  TPG-S  -  trigger-pulse  generator  for 
switches,  TPG-DS  -  trigger-pulse  generator  for  discharge  sources,  MO-master  oscillator,  MOTU- 
master  oscillator  triggering  unit. 
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Description  of  major  system 

The  individual  units  and  generators  of  the  sync  system  have  basic  performance  data  as 
given  in  fig.2.  The  table  includes  averaged  characteristics  of  the  generators  operated  at  the 
facility.  All  high-voltage  generators  are  designed  as  required  by  the  discharge  circuit  of  a  low- 
inductance  capacitor  to  the  input  resistance  of  parallel-connected  cables  (12  to  32  cables  per 
generator). 

Table!. 

Basic  performaHce  data  of  the  ISKRA-5  sync  system. 


Unit 

Input  data 

Output  data 

Output 

Shot 

time 

Jitter 

Units 

in 

U™,  V 

T*,  US 

u™,v 

T*,  pS 

channels 

US 

|iS 

system 

SSFU 

30-200 

0.1-0.3 

150 

0.15 

1-12 

0.3 

0.03 

3 

DU,  TPMU 

>100 

0.1-0.5 

120 

0.15 

2 

0.3-100 

0.03 

5 

CTG 

>50 

0.1-0.5 

120000 

0.1-0.3 

12 

0.6 

0.1 

17 

TPG-S 

120000 

0.1-0.2 

120000 

0.1-0.3 

32 

0.2 

0.03 

24 

TPG-DS 

120000 

0.1-0.2 

70000 

0.15 

32 

0.2 

0.03 

24 

T*-  pulse  risetime 


Sync  system  reliability  and  interference  immunity 

Sync  system  units  are  subject  to  increased  reliability  and  interference  immunity 
requirements.  Therefore,  the  emphasis  in  high-voltage  sync  generator  developments  was 
specifically  laid  on  componentry.  The  generators  have  used  tailor-made  low-inductance 
capacitors.  Also,  high-pressure  spark-gap  switches  have  been  specifically  designed  for  70kV 
operating  voltage.  Cable  lines  as  long  as  100m  made  of  suitable  high-voltage  cable  have  been 
used  to  connect  the  sync  system  generators  to  the  module  switches  and  electric-discharge 
sources. 

Particularly  stringent  requirements  for  interference  immunity  are  set  on  low-voltage 
sync  units.  In  order  to  meet  these,  additional  provisions  were  made  to  arrange  the  groimding 
system,  reduce  parasitic  connections  and  include  isolations  into  low-voltage  circuits. 

Conclusion 

The  ISKRA-5  sync  system  is  designed  as  series-parallel  configuration,  and  thus  allows 
experiments  to  be  conducted  with  665  spark-gap  switches,  476  electric-discharge  pumping 
sources,  and  513  xenon  flashlamps  fired  in  a  sequence  as  required.  To  date,  there  have  been 
altogether  about  5  thousand  shots  of  the  facility  with  at  most  2  percent  of  these  involving 
abnormal  operations,  thereby  suggesting  the  effectiveness  of  the  design  approaches  taken. 
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bank  for  the  high-power  iodine  laser  of  the  facility  ISKRA-5:  description  and  experience”  :  10th  IEEE 
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Abstract 

We  describe  the  operating  principle  and  test  results  for  the  high-power  semiconductor 
RSD-based  switch  with  the  following  operating  parameters; 

•  operating  voltage  -  25kV, 

•  peak  operating  current  -  200kA, 

•  maximum  transferred  charge  -  70C. 

The  switch  is  intended  for  use  by  high-power  capacitor  banks  in  state-of-the-art 
research  facilities.  The  switch  is  evaluated  for  its  applicability  in  commercial  pulsed  systems. 
The  possibility  to  increase  the  peak  operating  current  to  500kA  is  shown. 

Introduction 

Addressing  advanced  research  facilities  in  application  to  large-scale  experimentation, 
switching  of  high  current  pulses  poses  a  challenge.  However,  common  switch  types,  i.e. 
ignitrons  and  spark  gaps,  as  used  earlier  by  these  facilities,  do  not  meet  reliability  and  lifetime 
requirements  set  by  designers  with  peak  currents  of  300-500kA  and  about  lOOC  charge 
flowing  through  them.  This  is  why  it  would  be  topical  to  explore  new  svsdtch  types,  more 
importantly,  those  built  upon  semiconducting  devices,  because  their  long  operation 
distinguishes  them  from  the  others. 

In  the'  early  1980s,  Ioffe  Physics  and  Technology  Institute  (St.-Petersburg,  Russia) 
designed  a  new  [I]  semiconductor  device  they  called  reverse  switched  dinistor  (RSD),  whose 
capabilities  of  high  current  pulse  switching  would  significantly  surpass  the  most  commonly 
used  thyristors  and  make  them  well  competitive  against  gas-discharge  devices. 

The  concept  the  RSD  current  switching  mechanism  is  based  upon  is  that  the  thyristor- 
type  device  has  its  control  electrode  replaced  by  an  areally  uniform  plasma  layer.  This  helps 
produce  a  plasma  channel,  its  area  equal  to  that  of  the  silicon  plate,  thereby  resulting  in 
substantially  higher  pulsed  current  values  switchable  by  the  device.  What  was  found  as  the 
most  suitable  and  power  saving  way  to  achieve  this  control  plasma  layer  is  reverse  injection 
control,  in  which  case  the  plasma  layer  would  result  from  a  short-term  polarity  change  of  the 
voltage  applied  to  the  device.  Thus,  reverse  switched  dinistors  are  anode-controlled  two- 
electrode  devices. 

The  RSD-switched  current  value  is  in  proportion  to  the  silicon  plate  operation  area. 
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With  the  development  of  RSD  having  50cm^  operation  area,  switched  current  values  could  be 
increased  up  to  the  range  previously  achievable  by  only  gas-discharge  devices.  Thus,  ref.[l] 
summarizes  research  on  the  assembly  of  three  series-connected  RSDs  of  50cm  operation 
area.  The  assembly  had  operating  voltage  up  to  7.5kV  and  switched  square  current  pulses  of 
lOOps  width  and  up  to  300kA  peak  value. 

A  switch  KRD-25  rated  for  25kV  operating  voltage  and  up  to  200kA  operating  current 
(the  pulse  about  500ps  width  )  was  developed  for  application  in  high-power  capacitor  banks 
to  be  designed  into  advanced  Nd-glass  laser  systems  (of  several  hundreds  megajoule  stored 
energy).  This  switch  can  be  also  used  in  commercial  facilities  where  magnetic  pulse 
technology  is  employed.  The  report  is  addressing  this  switch  development. 

RSD-switch  design 

The  KRD-25  switch  is  designed  as  shown  in  fig.l.  The  switch  is  made  up  by  15  RSDs 
of  50cm^  operation  area  and  2kV  lock  voltage  each.  These  15  RSDs  are  designed  as  pellets, 
connected  in  series  and  enclosed  in  a  common  ceramic  housing.  Some  provisions  have  been 
made  for  these  designs  to  be  in  good  contact  one  with  another.  This  requires  a  substantial 
force  of  about  5  tons  to  be  exerted  to  squeeze  RSDs  together  in  a  stack.  Specialized  tie  beams 
and  dish  springs  are  what  serve  to  achieve  this  force.  Fig.2  shows  the  exterior  view  of  the 
KRD-25  switch. 


Fig.l.  Schematic  design  of  KRD-25  switch. 


KRD-25  switch  testing 

The  KRD-25  switch  was  tested  using  a  dedicated  test  bed,  whose  circuit  diagram  is 
illustrated  by  Fig.3.  The  main  discharge  circuit  is  characterized  as  follows:  Uo=+25kV, 
Co=2600pF,  Zo=0.10hm,  Lo=6.5pH.  The  triggering  circuit  characteristics  are:  Ut=-(5-10)kV, 
Ct=1.0)LiF,  Lt=1.0pH.  Ls  is  the  saturated-core  choke  to  isolate  the  fast  triggering  circuit  from 
the  lower  main  discharge  circuit.  Fig.4  shows  a  typical  current  shape  the  KRD-25  does 
switching  for. 
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Fig.4.  Typical  oscilloscope  trace  of  KRD-25  current  during  testing. 

The  authors  established  earlier  [2],  that  250±10kA  would  be  the  limit  in  the  switched 
current  peak  value  for  RSD  of  50cm^  operation  area  having  current  pulses  with  their  width  at 
the  base  level  about  500ps.  Beyond  this  limit,  there  would  occur  an  irreversible  thermal 
breakdown  in  the  RSD  due  to  current  contraction  effect. 

It  has  been  shown  by  testing  that  KRD-25  switch  can  reliably  switch  the  current  up  to 
200kA  and  up  to  70C  charge.  Testing  was  carried  out  in  a  single-shot  mode,  with  one  shot  in 
1 5  minutes. 

As  compared  with  common  thyristors,  RSD  features  the  capability  to  switch 
oscillatory  shaped  current  pulses,  thus  being  particularly  attractive  for  application  in  magnetic 
pulse  commercial  facilities. 

There  have  been  no  experimental  data  on  the  RSD  lifetime  for  the  operational 
conditions  as  specified.  However,  one  can  assume  it  to  be  at  least  the  same  as  the  similar 
thyristor  design’s.  While  thyristor’s  lifetime  depends  to  a  significant  extent  on  the  wear  of  the 
narrow  operation  area  around  the  control  electrode,  the  RSD  is  free  of  this  locally  heavy-duty 
portion. 

Conclusions 

Testing  has  been  carried  out  for  a  KRD-25  switch  built  around  reverse  switched 
dinistors  (RSD)  of  45  and  50cm^  operation  area.  The  tests  involved  switching  of  current 
pulses  of  500ps  width  at  the  base  and  up  to  250kA  peak  value.  The  tests  have  shown  the 
KRD-25  switch  to  reliably  switch  1 80-200kA  current  and  up  to  70C  charge. 

When  they  switch  currents  this  high,  the  RSD  would  show  no  more  than  20V  voltage 
drop.  This  makes  them  quite  promising  for  use  in  stacks  of  several  units  connected  in  parallel 
and  may  allow  the  switched  current  to  be  increased  up  to  400-500kA.  Thus,  RSD  are 
attractive  switch  designs  for  pulsed  power  systems  of  advanced  high-power  lasers. 

This  switch  type  may  also  show  promise  as  applied  to  electropulse  commercial 
facilities  and  magnetic  pulse  technologies,  in  particular. 

[1]  Tuchkevich  V.M.,  Grekhov  I.V.”New  technique  of  high  power  switching  by  semiconductor  devices” 
L.  "Nauka”,  1988. 

[2]  Chumakov  G.D.,  Galakhov  I.V.,  Gudov  S.N.,  Kirillov  G.A.,  Kovtun  V.I.,  Larson  D.,  Martynenko  V.A., 
Murugov  V.M.,  Osin  V.A.,  Zolotovski  V.l.  “Switching  of  High-Power  Current  Pulses  up  to  250kA  and 
Submillisecond  Duration  using  New  Silicon  Devices  -  Reverse  Switched  Dinistors.”  ;  10th  IEEE  International 
Pulsed  Power  Conference,  Albuquerque,  NM,  USA,  July  1995. 
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Abstract 

In  the  report  there  is  described  a  small-scale  accelerator  providing  the  storage 
energy  of  40  J,  electron  energy  of  200  keV,  the  released  into  the  air  beam  current 
of  1  kA  and  the  current  pulse  duration  of  30-40  ns  at  the  half-height.  In  the 
accelerator  capacitive  energy  storage  the  multi-channel  commutation  is 
implemented  ensuring  the  output  current  pulse  front  of  10  ns,  while  the 
inductiveness  is  120  nH.  The  apparatus  gross  weight  is  approximately  100  kg. 


Introduction 

Now  the  radiation  technologies 
find  a  wider  industrial  application,  e.g. 
polymer  coating  solidification  [1],  gas 
exhaust  and  water  waste  purification 
[2,3],  sterilization  methods  in  medical 
and  food  industries  [4]. 

Besides,  to  synchronize  the 
physical  processes  there  are  required 
the  sources  with  a  highly  stable  shape 
pulse  and  operation  delay  also.  Very 
often  small-scale  transportable 
electron  accelerators  are  necessary  for 
these  purpose.  So,  the  present  effort 
has  the  above-mentioned 

directionality. 

The  accelerator  described 
consists  of  the  capacitive  energy 
storage,  vacuum  diode,  charging  and 
initiation  units  and  vacuum  evacuation 
system. 

The  capacitive  storage  is 
assembled  with  ceramic  capacitors  of 
K15-10  type  providing  the  unit 
working  voltage  of  31.5  kV.  The 
storage  includes  three  section 
connected  in  parallel,  arranged 
according  to  Arkadiev-Manc  scheme 
and  operating  on  to  the  common  load. 


Fig.l.  The  small-scale  accelerator 


Each  section  incorporates  13 
cascades  charged  up  to  the  voltage  of 
25  kV.  In  each  trigatron  discharger  the 
controlling  electrode  is  placed  on  the 
one  with  zero  potential.  The 
discharger  spark  gap  length  is  1.7  mm. 
Control  of  all  the  storage  dischargers  is 
carried  out  synchronously,  using  the 
voltage  pulses  with  the  amplitude  of  15 
kV  and  front  of  5  ns.  The  pulses  are 
fed  to  each  section  through  a  separate 
high-voltage  cable  with  the  wave 
resistance  of  75  Ohm.  The  lay-out  of 
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the  capacitive  storage  including  the 


vacuum  diode  is  shown  in  Fig.  2. 
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Fig.2.  The  accelerator  principle  lay-out, 
where  Rch  are  the  charge  resistors,  Rgr  are  the  ground  resistors,  Rcont 
are  control  circuit  resistors,  Rsh  is  the  shunt  resistance. 


The  separated  discharger  gas 
volume  is  not  envisioned  in  the  design. 
So,  the  storage  case  is  filled  with 
Nitrogen/SF6  mix.  The  mix  provides 
(1)  the  conditions  necessary  for  the 
discharger  operation  and  (2)  required 
electric  strength. 

Each  storage  section  is  arranged 
to  ensure  the  lowest  possible  storage 
inductiveness  and  the  optimal  array  of 
the  discharges  illuminating  one 
another  with  the  ultra-violet  radiation 
in  the  course  of  the  operation.  In  this 
case  the  legs  with  zero  and  high 
potentials  are  close  and  the  minimum 
distance  between  them  is  defined 
based  on  only  their  geometric 
dimensions  and  electric  strength 
considerations. 


As  a  result  of  the  above 
mentioned,  all  the  diode  electrodes  are 
connected  with  the  storage  by  short 
busbars  of  the  same  length  minimizing 
the  storage/diode  system 

inductiveness. 

In  the  experiment  the  said 
inductiveness  was  determined  in  the 
course  of  the  diode  operation  in  the 
short-circuiting  mode. 

Substituting  into  the  Topmost 
formula  T=27iVLC  the  numbers  T=60 
ns  and  Ciinp=0.76  nF,  where  T  is  the 
current  oscillating  period  in  the  short- 
circuiting  mode  and  Cjnip  is  the 
storage  capacitance  in  the  moment  of 
impact,  the  system  capacitance  may  be 
derived,  i.e.  L=120  nH. 

Based  on  the  above  mentioned, 
the  characteristic  resistance  may  be 
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calculated,  i.e.  p=VL/  Cimp  =  12.6 
Ohm. 

The  vacuum  diode  is  placed  on 
the  capacitive  storage  case.  Its  overall 
dimensions  are  chosen  to  ensure  the 
diode  impedance  equal  to  2VL7Cimp 
at  the  maximum  current. 

The  diode  cathode  is  made  of 
graphite.  It  is  the  planar  disk  with  the 
diameter  of  25  mm  positioned  an  the 
stainless  steel  substrate  connected  with 
the  capacitive  storage  high-voltage  leg 
through  basbar  comprised  by  copper 
conductors.  The  anode  is  actually  the 
grid  pulled  up  on  the  frame  and  made 
of  steel  wire  with  the  diameter  of  0.1 
mm.  The  anode/cathode  gap  is  3.2±0.2 
mm.  Behind  the  wire  grid  the  electron 
outlet  window  is  situated.  In  the 
window  the  membrane  is  installed 
separating  the  vacuum  volume  from 
the  external  environment.  The 
membrane  material  is  either  some 
metal  foil  or  polymer  film, 
dependently  on  the  task  to  accomplish. 
We  used  the  aluminium  foil  with  the 
thickness  of  0.05  mm,  as  well  as  lavsan 
(or  Darcon)  one  of  the  same 
thickness.  The  diameter  of  the  outlet 
window  is  51  mm. 

In  the  diode  the  vacuum  of  ~ 
10'^  mm  Hg  is  being  sustained. 

The  diode  current  pulses  were 
picked  up  from  the  coaxial  low- 
inductive  shunt  with  the  resistance 
R=0.065  Ohm  placed  between  the 
anode  and  the  capacitive  storage 
grounded  leg  and  registered  by  the 
oscillograph  refered  to  the  class  of 
super-fast  registrators.  The  current 
pulse  front  duration  made  10±2  ns, 
while  the  duration  at  the  half-height 
made  40±5  ns.  The  current  pulse 
amplitude  was  4±0.5  kA.  The  beam 
current  was  registered,  using  the 
Faradei  Cylinder  (FC).  The  beam 


current  pulse  duration  at  the  half- 
height  made  40±5  ns,  the  front 
duration  made  10±2  ns.  The  maximum 
beam  current  pulse  amplitude,  using 
the  aluminium  foil  outlet  window, 
reached  0.73±0.08  kA.  In  case  of  the 
Darcon  film  outlet  window  application 
the  maximum  beam  current  pulse 
amplitude  was  1.0±0.12  kA  (Fig.3). 


Time,  ns 


Fig.3.  The  electron  beam  pulse  shape 
behind  the  Darcon  outlet  window  at 
the  distance  of  1  cm  from  the  latter 

The  beam  current  was 
registered  at  various  distances  and 
angles  relatively  to  the  diode  outlet 
window.  In  Fig.4  there  is  shown  the 
distribution  of  the  experimental  beam 
current  numbers  after  crossing  the  foil 
outlet  window. 

The  accelerator  operation  time 
diffference  as  regards  the  controlling 
pulse  does  not  surpass  ±1.5  ns. 

Based  on  the  registered 
experimental  numbers  of  the  beam  run 
in  the  air,  table  numbers  [5]  and 
empirical  formula  describing  the 
connection  between  the  run  and 
energy  of  electrons  [6],  R=0.407T^-^^ 
g/cm^  for  0.15<T<0.8  MeV,  where  R 
is  the  electron  run,  T  is  the  kinetic 
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energy  of  electrons  [6]  there  was 
defined  the  electron  initial  energy  as 


much  as  200+30  keV. 
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Fig.4.  Electron  beam  distribution  behind  the  outlet  window 


Conclusion 

Here  there  is  represented  the 
accelerator  providing  the  electron 
energy  of  200  keV,  released  in  the  air 
beam  current  of  1  kA  and  current 
pulse  duration  at  the  half-height  of  40 
ns.  In  the  accelerator  capacitive 
storage  the  cascade  multi-channel 
commutation  is  implemented 
facilitating  the  output  voltage  pulse 
front  obtained  of  10  ns,  the  apparatus 
inductiveness  of  120  nH  and  the 
operation  time  difference  relatively  to 
the  controlling  pulse  of  not  more  than 
1.5  ns.  The  accelerator  meets  the 
transportability  requirements.  Its 
weight  without  the  auxiliary  equipment 
(i.e.  that  of  the  capacitive  storage  and 
vacuum  diode)  is  35  kg,  while 
including  the  auxiliary  equipment  it  is 
as  heavy  as  100  kg. 
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Abstract 


Sandia  is  developing  PBFA-Z,  a  20-MA  driver  for  z-pinch  experiments  by  replacing 
the  water  lines,  insulator  stack,  and  MITLs  on  PBFA  II  with  new  hardware.  The  design  of  the 
vacuum  insulator  stack  was  dictated  by  the  drive  voltage,  the  electric  field  stress  and  grading 
requirements,  the  water  line  and  MITL  interface  requirements,  and  the  machine  operations 
and  maintenance  requirements.  The  insulator  stack  will  consist  of  four  separate  modules, 
each  of  a  different  design  because  of  different  voltage  drive  and  hardware  interface 
requirements.  The  shape  of  the  components  in  each  module,  i.e.,  grading  rings,  insulator 
rings,  flux  excluders,  anode  and  cathode  conductors,  and  the  design  of  the  water  line  and 
MITL  interfaces,  were  optimized  by  using  the  electrostatic  analysis  codes,  ELECTRO  and 
JASON.  The  time-deperident  performance  of  the  insulator  stack  was  evaluated  using  IVORY, 
a  2-D  PIC  code.  This  paper  will  describe  the  insulator  stack  design  and  present  the  results  of 
the  ELECTRO  and  IVORY  analyses. 


Introduction 

Figure  1  is  a  drawing  of  the  PBFA 
n*  accelerator!  The  accelerator  is  contained 
in  two  concentric  tanks.  The  outer  tank  is 
the  oil  tank  which  includes  thirty-six  Marx 
generators  as  the  prime  power  source. 


Fig.  1  PBFA  n  accelerator 


The  inner  tank  is  filled  with  deionized 
water  and  contains  the  pulse  compression 
and  transmission  network  which  provide 
the  pulsed  power  to  the  vacuum  insulator. 
The  vacuum  insulator  on  PBFA  n  contains 
the  hardware  needed  to  configure  the 
machine  for  ion  beam  operation.  In  order  to 
use  the  accelerator  for  magnetic 
implosions  it  is  necessary  to  convert  the 
electrical  power  flow  to  a  low  impedance, 
high  current  design.  This  is  being 
accomplished  by  replacing  the  water  lines, 
the  vacuum  insulator  stack,  and  the 
magnetically  insulated  transmission  lines  on 
PBFA  II  with  hardware  of  a  new  design. 
The  reconfigured  accelerator  is  identified  as 
PBFA-Z^.  The  modified  accelerator  has 
been  designed  to  deliver  20  MA  of  current 
to  a  1 5-mg  z-pinch  load  in 


*This  work  was  supported  by  the  U.S.  Department  of  Energy  under  Contract  #DE-AC04- 
94AL85000. 

^Field  Command  Defense  Nuclear  Agency,  1680  Texas  Street  S.E.,  Kirtland  Air  Force  Base, 
NM  87117-5669  USA 

2eG&G,  2501  Yale  Blvd  S.E.,  Albuquerque,  NM  87106  USA 

^Mission  Research  Corporation,  1720  Randolph  Rd  S.E.,  Albuquerque,  NM  87106  USA 
^Pulse  Sciences,  Inc.,  600  McCormick  Avenue,  San  Leandro,  CA  94577  USA 
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100  ns.  First  shot  is  planned  for  late-July 
1996. 

Insulator  Stack  Design 

The  PBFA-Z  insulator  stack  will  be 
340  cm  in  diameter  and  172  cm  high.  The 
stack  is  subdivided  into  four  levels,  Level  A 
through  Level  D.  Each  level  will  contain  a 
set  of  Rexolite  insulator  rings  and  a  set  of 
aluminum  grading  rings.  The  bottom  two 
levels,  C  and  D,  will  be  equipped  with  flux 
excluders  to  help  grade  the  fields.  A 
drawing  of  the  PBFA-Z  vacuum  insulator 
stack,  with  the  water  line  and  MITL 
interface  hardware,  is  shown  in  Figure  2. 


Fig.  2  PBFA-Z  insulator  stack 

The  stack  grading  rings  were 
designed  to  keep  the  electric  field  stresses 
below  300  kV/cm  on  the  vacuum  side, 
below  250  kV/cm  on  the  water  side,  and 
less  than  30  kV/cm  at  the  cathode  triple 
points.  The  vacuum  flares  were  designed  to 
balance  the  peak  fields  on  the  grading  rings. 
The  number  and  shape  of  the  grading  rings, 
the  radius  of  the  water  line-to-stack 
transition  section,  and  the  size  and  location 
of  the  flux  excluders  were  selected  to 
minimize  field  stresses  and  to  keep  the  field 
grading  below  10%  in  each  module. 

The  PBFA-Z  accelerator  was 
modeled  using  circuit  codes  to  determine 


the  time-dependent  voltage  and  current 
waveforms  at  the  water  lines,  the  insulator 
stack,  and  the  MITLs.  SCREAMER,  a 
SNL-developed  lumped  element  code  was 
used  to  model  the  circuit  from  the  Marx 
generators  through  the  load  and  to 
optimize  the  Marx  and  water  sections.  TL 
code,  a  PSI  transmission  line  code,  was 
used  to  model  the  accelerator  from  the 
water  transmission  lines  to  the  load,  and  to 
optimize  the  vacuum  section  design.  The 
SCREAMER  predictions  of  the  stack 
voltages  are  presented  in  Figure  3. 


Analysis  Results 

The  electrostatic  computer  codes, 
ELECTRO^  and  JASON,  were  used  to 
calculate  the  electric  field  stresses  and  the 
field  grading  during  the  various  design 
iterations.  The  peak  voltages  predicted  by 
SCREAMER  and  the  TL  code  were  used 
in  the  ELECTRO  and  JASON  calculations. 
IVORY,  a  2-D  PIC  code  developed  by 
MRC,  was  used  to  evaluate  the  time- 
dependent  performance  of  the  insulator 
stack. 

Each  level  of  the  insulator  stack 
was  modeled  separately.  The  geometry  of 
the  Level  C  model  is  shown  in  Figure  4. 
ELECTRO  solves  for  the  voltage  and 
electric  field  distributions  for  specified 
geometries,  media,  media  permittivities 
boundary  conditions,  and  boundary 
elements. 
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Figure  5  is  a  plot  of  the 
equipotential  contours  near  the  top  grading 
ring  on  Level  A.  The  shape  of  the  grading 
ring  edge  was  designed  to  follow  the 
voltage  contours,  thereby  minimizing  the 
field  stresses. 


Fig.  5  Equipotential  contour  plot 


The  constant  voltage  contours  for 
Level  C  of  the  PBFA-Z  stack  are  plotted  in 
Fi^re  6.  The  plot  shows  the  jading  to  be 
uniform.  Each  insulator  contains  the  same 
number  of  contour  lines  and  the  insulator 
voltages  vary  from  -2.3%  to  +3.6%  from 
the  average. 

The  electric  fields  normal  to  the 
grading  rings  and  the  fields  tangent  to  the 
insulator  rings  were  plotted  for  each  ring  of 
the  stack.  Figure  7  presents  the  normal  E- 
field  plot  for  Grading  Ring  3  on  the 
vacuum  side  of  Level  C.  Figure  8  presents 
the  tangent  E-field  plot  for  Insulator  Ring  1 
on  the  vacuum  side  of  Level  C. 


Fig.  6  Level  C  equipotential  contours 


IVORY  was  used  in  a  2-D  mode  to 
simulate  the  PBFA-Z  insulator  stack  and 
^TL  flares.  The  vacuum  and  dielectric 
interfaces  and  grading  rings  were  centered 
in  the  simulation  region.  Figure  9  shows  the 
IVORY  stack  model  with  grading  ring 
emission. 


Fig.  7  Normal  E-field  plot 


Fig.  8  Tangential  E-field  plot 
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Conclusions 


Fig.  9  IVORY  insulator  stack  model 


The  grading  calculations  for  the 
PBFA-Z  stack  are  shown  in  Figure  10.  The 
peak  electric  fields  on  Levels  A  and  C  are 
summarized  in  Figure  11.  The  peak  fields 
on  Levels  B  and  D  are  comparable  to  those 
shown. 
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Fig.  10  Grading  Summary 


Based  on  the  results  of  the 
ELECTRO  analysis,  the  peak  electric  fields 
on  the  grading  rings  are  less  than  260 
kV/cm  on  the  vacuum  side  and  less  than 
200  kV/cm  on  the  water  side.  The  cathode 
triple  point  fields  are  less  than  30  kV/cm. 
The  grading  of  the  baseline  design  is  less 
than  6.5%  on  modules  A  and  B  and  less 
than  3.7%  on  modules  C  and  D.  According 
to  the  results  of  the  IVORY  analysis,  the 
voltage  between  rings  on  the  baseline 
design  can  vaiy  up  to  10%  without  field 
emission  and  up  to  19%  with  field 
emission.  If  the  MITL  gap  is  decreased  by 
a  factor  of  two,  the  voltage  between  rings 
can  vary  up  to  50%  from  average  and  risk 
insulator  breakdown. 
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Abstract-  High  current  photocathodes 
using  bare  metal  and  polycrystalline 
diamond  films  illuminated  by  ultraviolet 
lasers  are  being  developed  at  Los  Alamos 
for  use  in  a  new  generation  of  linear 
induction  accelerators.  These 

photocathodes  must  be  able  to  produce 
multiple  60  ns  pulses  separated  by 
several  to  tens  of  nanoseconds.  The 
vacuum  environment  in  which  the 
photocathodes  must  operate  is  ~10-5  torr. 

T.  Introduction 

The  DARHT  (Dual  Axis  Radiographic 
HydroTest  facility)  will  consist  of  two  20 
MeV  linear  iriduction  electron  accelerators 
with  each  beam  axis  on  the  same  plane, 
opposed  by  90  degrees.  The  4  kiloampere 
electron  beams  are  focused  to  a  minimum 
spot  on  a  high  Z  target  to  generate  intense 
bursts  of  bremsstrahlung  radiation.  The 
focused  spot  diameter  is  a  key  determinate 
in  the  image  resolution  of  the  radiographs 
produced  by  these  machines.  The  emittance 
of  the  electron  beam  relates,  by  a  power  of 
four,  to  the  minimum  spot  focus.  The 
electron  temperatures  at  the  cathode  of  the 
electron  beam  injector  is  the  dominant 
factor  in  the  production  of  a  low  emittance 
beam. 

The  accelerator  system  architecture 
precludes  the  use  of  thermionic  or  thermo¬ 
dispenser  type  cathodes  to  produce  the 
desired  beam  quality.  The  prototype 
injectors  utilize  velvet  cold  cathode  emitters 


which  inherently  produce  beams  with 
electron  temperatures  >100eV. 

In  an  effort  to  improve  the  beam  quality  the 
use  of  a  photocathode  is  being  investigated. 
The  operating  pressure  of  the  diode  will  not 
permit  the  use  of  alkali  metal  compound  or 
other  photocathode  surface  preparations 
unstable  in  the  presence  of  water  vapor  or 
other  common  vacuum  background 
contaminants.  Because  of  these  constraints 
aluminum  bare  metal  [1,2]  and  diamond 
film  [3,4,5]  photocathodes  are  being 
investigated.  We  report  the  work  in 
progress  of  these  investigations. 

II  Discussion 

The  photoelectric  processes  differ 
considerably  between  metals  and  wide 
band-gap  semiconductors  such  as  diamond. 

In  metals  the  photoelectron  created  by  the 
photon  within  the  solid  has  an  energy  above 
the  other  electrons  at  thermal  equilibrium 
and  is  commonly  referred  to  as  a  hot 
electron.  Because  of  the  abundance  of  free 
electrons  in  the  metal,  the  photoelectron  is 
likely  to  be  scattered,  elastically  and 
inelastically,  by  other  electrons  and  thus 
approach  thermal  equilibrium  within  a  short 
distance.  The  scattering  processes  limit  the 
emission  to  an  escape  depth  of  only  a  few 
atomic  layers.  By  externally  applying  heat 
the  escape  probability  of  a  photoelectron 
can  be  increased  due  to  the  increased 
mobility  of  the  electrons  by  thermal 


-993  - 


excitation.  materials.  An  ArF  laser,  193  nm  (photon 

The  photoelectric  process  in  a  energy  6.4eV)  was  selected  to  illuminate 

semiconductor  take  place  when  a  photon  is  the  photocathodes  to  achieve  a  reasonable 

absorbed  and  converted  into  a  free  electron,  quantum  efficiency  on  a  bare  A1 

i.e.,  raised  from  the  valance  band  into  the  photocathode  used  as  a  baseline  reference, 

conduction  band.  Additionally,  to  escape  The  light  beam,  normal  to  the  cathode 

to  the  vacuum  level  the  electron  must  have  surface,  is  able  to  be  varied  in  intensity  by 

sufficient  energy  to  overcome  the  electron  over  one  order  of  magnitude  through  the 

affinity.  In  semiconductors  the  electron  use  of  multiple,  thin  quartz  attenuating 

scattering  loss  processes  are  negligible  plates.  The  photocathode  is  able  to  be 

relative  to  losses  by  phonon  scattering  or  radiatively  heated  from  ambient  to  200C 

interaction  with  the  lattice.  This  process  is 

much  smaller  than  the  electron  scattering  in  The  diode  vacuum  chamber  is  pumped  with 

1500  1/s  cryopump.  The  planar  diode 
TTT  Fxperiment  is  configured  with  an  easily 

removable  cathode.  The  anode  is  a  >93% 


A  photocathode  test  stand  (PCTS)  (fig.l)  transparent  W  fine  wire  mesh  screen.  The 

was  assembled  to  conduct  scaled  tubular  charge  collector  contains  a  defining 

experiments  on  the  subject  photocathode  aperture 


Fig.l 


to  size  the  illuminating  laser  beam  and  The  selection  of  aluminum  as  the  bare 
three  UV  transmissive  fiberoptics,  at  the  metal  photocathode  was  made  based  on 

aperture,  feeding  a  line  filtered  photodiode  mechanical  properties  and  work  function, 

to  sample  each  light  pulse.  The  photodiode  The  cathode  was  diamond  turned  aluminum 

is  calibrated  to  a  laser  energy  meter  with  alloy  with  a  1  micron  layer  of  pure 

the  cathode  removed.  The  diode  operates  at  aluminum  vapor  deposited  on  the  emitting 

30kV  d.c.  and  has  an  A-K  gap  of  6.7mm.  surface. 
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Insulator 


The  diamond  film  samples  were  prepared 
by  growing  a  polycrystalline  diamond  film 
on  a  Mo  substrate  with  a  microwave 
assisted  CVD  process  [6,7,8].  The 
micrograph  (fig.3)  shows  the  crystal  facet 


Fig.3 


The  two  diamond  samples  were  uniformly 
(sub-optimum)  boron  doped  with  hydrogen 
terminated  surfaces.  The  uniform  doping 
profile  inhibits  the  film  conductivity  and 
thereby  limits  the  emission  process. 
Multiple  delta  doping  [9,10]  (MDD)  would 
result  in  a  film  conductance  more  than  20 
times  higher  and  is  currently  the  focus  of 
our  materials  technology  research. 


IV  Calibration 


Data  obtained  from  the  energy  calibration 
of  the  photodiode  consists  of  total  laser 
energy  measurements  (Le)  and  a 
corresponding  time  resolved  voltage  trace 
from  the  photodiode.  The  photodiode 
voltage  trace  is  integrated  to  obtain  Volt- 
seconds  (Vs).  The  calibration  factor  (Cal) 
is  then  given  as; 

Cal  =  Le/Vs. 

The  calibration  factor  can  be  used  for 
converting  integrated  photodiode  signal  into 
energy  or  the  unintegrated  signal  into 
power.  A  series  of  data  is  taken  measuring 
the  laser  energy  with  a  Scientec  laser 
energy  meter  and  obtaining  the  photodiode 
waveform.  The  laser  attenuation  is  varied 
using  quartz  plates.  The  calibration  factor 
as  a  function  laser  energy  is  shown  in 
(Fig.4).  The  average  value  and  rms 
deviation  (5200+/-  300  V  s)  of  the 
calibration  is  obtained  from  this  series  of 
measurements.  The  systematic  deviation  as 
a  function  of  laser  energy  is  within  the  2rms 
uncertainty. 
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V  Data  and  Results 

Typical  photodiode  and  charge  collector 
waveforms  are  shovra  in  (Fig.5).  The 
photodiode  signal  is  converted  to  MW 
where  the  cathode  area  illuminated  by  the 


laser  is  0.28  cm^2.  The  charge  collector 
signal  is  presented  in  amperes  and  is 
obtained  by  dividing  the  voltage  by  the 
charge  collector  resistance  of  3.8-ohms.  In 
order  to  accoimt  for  the  digitzer  impedance 
of  50-ohms,  the  signal  is  corrected  upward 
in  the  analysis  by  7.6%.  Some  electrons 
are  transported  through  the  laser  entrance 
aperture  in  the  charge  collector.  This  effect 
also  reduces  the  measured  current. 
Transport  calculations  for  a  space  charge 
limited  beam  indicate  this  effect  is  between 
5-10%  depending  on  beam  energy.  Finally, 
the  grounded  tungsten  anode  mesh  is  only 
92%  transmitting,  resulting  in  another 
correction  to  the  charge  collector.  The  net 
average  correction  (k)  for  the  charge 
collector  is  1.25.  The  quantum  efficiency 
(QE)  is  calculated  by  integrating  both 
waveforms  to  obtain  the  total  charge  (k*Q) 
in  Coulombs  and  laser  energy  (E)  in  Joules 
and  using  the  following  equation 


QE  =  6.4eV  k*Q  /  E 

where  6.4eV  is  the  photon  energy  for 
193nm  photon  produced  by  the  ArF  laser. 

The  quantum  efficiency  as  a  function  of 
laser  energy  for  aluminum  is  shown  in 
(Fig.8).The  QE  can  also  be  obtained  using 
the  charge  collector  current  (Icc)  in 
amperes  and  laser  power  (P)  in  watts  with 
the  following  relationship 

QE  =  6.4eV  Icc  /  P 

This  relationship  can  be  used  at  a  single  point 
(i.e.,  the  peak)  as  shown  in  (Fig.6)  or  correlated 
at  each  time  on  a  single  pulse  (Fig.  7). 

For  accelerator  photocathode  injector  design, 
the  most  useful  display  is  a  plot  of  peak 
electron  beam  current  density.  This  is  shown  in 
(Fig.  8).  for  aluminum  at  various  temperatures. 
A  comparison  of  diamond  with  uniform  boron 
doping  is  compared  with  aluminum.  This  is 
shown  in  (Fig.  9). 


Fig.6 
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Peak  Current  Density  (A/crrr2)  .« 
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The  significant  improvement  in 
photoemission  at  moderate  temperatures 
(150  C)  suggest  the  possible  application  of 
a  thermally  augmented  aluminum 
photocathode  for  use  in  the  DARHT  class 
high  pressure  electron  beam  injectors.  Our 
results  indicate  the  possibility  of  extracting 
a  4  kiloampere  beam  with  less  than  2  joules 
of  incident  ArF  (193  nm)  laser  radiation. 

The  enhanced  photoemission  process  is 
most  likely  based  on  the  Fowler-DuBridge 
theory  and  would  not  lead  to  degradation  of 
beam  quality.  The  first  follow-on 
experiments  will  include  emittance 
measurements  of  a  space  charge  limited 
beam  from  a  heated,  pure  aluminum 
cathode. 


Fig.  7 
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VI  Conclusions 

Aluminum  as  a  photocathode  material  has 
been  well  characterized  over  the  past 
several  years  at  ambient  temperature.  Our 
experiments  indicate  that  through  thermal 
augmentation,  the  photoemission  of  pure 
aluminum  may  be  stabilized  and  increased. 
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Diamond  film  may  be  the  ideal 
photocathode;  it  is  robust,  thermally 
conductive  and  chemically  inert.  The 
referenced  literature  indicates  diamond  film 
when  MDD  doped  and  with  the  proper 
surface  termination  can  exhibit  quantum 
efficiencies  significantly  higher  than  those 
achieved  in  the  investigations  we  report. 
The  designed  growth  of  diamond  films  will 
be  the  focus  of  further  investigations. 
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As  stated  our  investigations  reported  here 
do  not  show  a  high  quantum  yield  for  the 
diamond  films  tested.  However  the 
literature  and  outside  sources  suggest 
quantum  efficiencies  as  high  as  4%  should 
be  achievable. 

Industrial  applications  have  demonstrated 
large  area  diamond  film  growth  in  areas 
uniformly  covering  several  tens  of  square 
centimeters. 

Methods  for  diamond  film  growth  other 
than  the  microwave  assisted  CVD  process 
used  for  the  samples  tested  are  available. 
The  most  interesting  alternative  method 
considered  at  this  point  is  an  electron 
cyclotron  resonance  plasma  (ECR) 
technique  which  is  a  relatively  low 
temperature  method  that  will  allow  film 
growth  on  ultraviolet  transmissive 
substrates.  This  could  lead  to  possible 
development  of  a  semi-transparent  or  back 
illuminated  photocathode. 

ECR  plasma  growth  of  diamond  films  also 
allows  the  growth  process  to  be  tailored  to 
be  able  to  obtain  preferential  crystal  facet 
orientation.  The  <11 1>  facet  has  been 
demonstrated  to  exhibit  the  highest 
quantum  efficiency. 

This  work  was  sponsored  by  the  US  Department  of 
Energy  under  contract  no.  W-7405-ENG-36 
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12  Krasnokazarmennaja  St.,  Moscow  1 1 1250,  Russia 

Introduction 

The  application  of  sealed-off  triggered  vacuum  switches  (  TVS  )  for  reliable  and 
switching  high-voltage  high-capacity  energy  storages  and  power  systems  is  rather 
perspective  [  1  ].  Such  device  is  non-incandescence  free  three-electrode  hermetically 
sealed  one  with  pressure  of  residual  gases  not '  exceeding  10"^  Pa,  capable  under 
influence  of  a  trigger  pulse  to  be  switched  on  with  high  rate  ( less  than  1  ps  )  and  to 
operate  in  wide  of  voltages  and  currents:  U  =  (  1  -  100  )  kV;  I  =  (  0,001  -  200  )  kA.  TVS 
is  distinguished  by  the  high  rate  of  electric  strength  recovery,  compactness, 
noiselessness,  fire  and  explosion  proofness,  ecological  cleanness  during  manufacture 
and  operation,  reliability  in  a  wide  range  of  environment  conditions. 

Ability  of  a  vacuum  gap  to  withstand  high  voltages,  as  well  as  to  recover 
dielectric  property  quickly  attract  for  a  long  time  attention  of  the  designers  of  the 
switching  apparatus  [  2  ].  The  research  and  development  of  different  type  TVSs  are 
carried  out  already  more  than  30  years  in  various  research  centers  of  the  world  not 
always  very  well.  The  parameters  some  of  the  available  sealed-off  TVSs,  developed  in 
foreign  centers,  are  given  in  the  table.  As  far  as  we  know,  there,  were  manufactured  only 
the  experimental  samples  of  such  devices,  which  were  used  in  laboratory  and  test 
facilities. 

The  development  of  such  devices  are  carried  out  in  VEI  during  last  decade.  As 
result,  some  of  types  of  the  sealed-off  switches  were  developed  and  launched  out  into 
lot  production  at  factories  in  Russia.  Main  parameters  of  such  TVSs,  possibilities  of  its 
application  and  prospect  of  further  development  are  presented  below. 

Triggered  vacuum  switches,  developed  in  VEI 

The  main  parameters  of  sealed-off  switches,  developed  in  VEI,  are  presented  in 
the  table  and  in  the  references  [  7  -  9  ].  These  TVSs  use  an  erosion  trigger  system,  which 
is  triggered  by  means  of  an  electric  discharge  over  partly  metallizes  solid  dielectric 
surface.  The  properties  of  an  erosion  trigger  system  is  determined  by  two  processes: 
deposition  of  metal  vapor  on  dielectric  surface  owing  to  erosion  of  electrodes  under 
action  of  an  arc  of  the  main  discharge  and  evaporation  of  a  metal  film  due  to  a  trigger 
current.  The  use  of  an  erosion  trigger  system  has  increased  essentially  the  life  of  TVSs. 
The  experience,  obtained  development  during  development  and  service  of  vacuum 
switches  has  allowed  to  determine  the  influence  of  an  triggering  gap  arrangement.  On 
starting  characteristics  of  TVS  and  its  resource.  There  was  shown,  that  for  given  mode 
of  operations  of  TVS  it  possible  to  reduce  essentially  switch-on  delay  time  and  to 
increase  its  resource  by  means  of  the  choice  of  trigger  pulse  parameters,  number  of 
trigger  gaps  and  an  optimum  orientation  of  a  functional  surface  of  the  dielectric  in 
rigger  unit  relatively  main  discharge  gap. 

The  choice  of  the  electrode  system  and  of  TVS  depend  on  the  mode  of  its  use. 
There  was  used  minified  electrode  system  -  TVS-40  [  7  for  switching  high-voltage 
pulse  power  supply  unit  at  currents  up  to  hundreds  of  kiloamperes  and  the  pulse 
duration  to  several  milliseconds.  Assembled  electrode  system  represents  a  set  of  the 
alternated  (  in  space )  rods  of  opposite  polarity  at  minimum  distance  between  then  ~  8 
mm.  The  trigger  unit  is  placed  in  center  of  the  basis  of  one  (  or  two  )  electrodes.  All 
electrodes  are  made  from  oxygen-free  copper  or  chrome-copper  composition. 

Optimum  range  of  switching  currents  of  TVS-40  is  10-1^00  kA.  The  service  life  in 
this  estimated  through  a  summarized  transferred  charge  ~  10®  A-s  .  At  amplitudes  of  a 
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current  more  than  100  kA  or  transferred  change  more  than  100  A-s  the  service  life  of 
TVS  quickly  decreases  due  to  electrodynamics  or  thermal  overloading  electrodes. 
Recommended  parameters  of  a  trigger  pulse  in  routine  mode  of  operation  -  trigger 

voltage  5  kV,  trigger  current  1-2  kA  at  duration  10  ps 

The  large  voltage  range  and  low  voltage  threshold  of  action  permit  to  use  1  Vo- 
40  in  crowbar  mode  for  getting  of  unipolar  pulses  on  inductive  load  and  protection  or 
the  electric  equipment  in  the  emergency  operation.  The  delay  time  and  jitter  do  not 
change  practically  in  whole  range  of  the  operating  voltage,  that  does  such  switches 

convenient  in  service.  .  n  » 

Small  switch-on  delay  jitter  and  large  range  operating  voltage  allow  to  swit^  on 

synchronously  a  lot  of  parallel  TVSs  across  the  load.  Results  of  successful  test  of  TVS- 
40  on  test  stand  of  MAXWELL  Lab.  for  switch  on  of  the  capacitive  storage  at  energy 
250  kJ,  voltage  1 1  kV,  amplitude  and  duration  of  a  current  pulse  130  kA  and  2,5  ms, 

respectively,  are  presented  in  the  reference  [  6  ].  , 

One  of  the  distinctive  peculiarities  of  TVSs  is  a  valve  ability,  which  becomes  at 
apparent  at  certain  combination  of  parameters  of  an  electric  circuit.  For  providing 
TVS-40  with  valve  properties  the  rate  of  the  approach  of  current  to  zero  should  not 
exceed  200  A/ps.  Valve  properties  of  the  switches  permit  to  use  its  instead  of  the  power 
thyristor  units  in  those  cases,  when  the  operation  resource  is  limited  by  the  value  <  10 


Moreover,  in  VEI  there  was  developed  other  type  switch  TVS-3,  which  is 
intended  to  switch  low  inductive  circuits  at  a  rate  of  the  current  rise  up  to  10*  ^  A/s  and 
pulse  duration  to  tens  microseconds  (  see  the  table  )  [  8  ].  The  electrode  system  of  this 
switch  consists  of  two  disk  electrodes  of  specific  shape,  separated  by  the  5  mm  gap.  The 
trigger  unit  contains  two  series  connected  trigger  gaps  for  reduction  of  the  switch-on 
delay  time  and  improvement  of  the  starting  characteristics.  The  switch  has  been  tested 
in  frequency-batch  mode  rate  of  the  current  pulses  500  Hz,  voltage  30  kV,  current 
amplitude  10  kA,  duration  of  a  half-cycle  30  ps  and  duration  of  continuous  operation 
3  s.  Each  of  two  tested  switches  has  withstood  200000  pulses. 

The  switches  TVS-3  are  used  in  the  laboratory  impulse  power  equipment,  supply 
units  for  power  lasers  and  as  switching  elements  in  fast  protection  devices. 

In  VEI  there  was  developed  small-size  switch  TVS-?  for  high  frequency 
applications  at  relatively  low  currents  up  to  10  kA  and  maximum  voltage  25  kV  [  9  ]. 
This  switch  used  "cup-type"  electrode  system  with  double  triggering.  There  were 
manufactured  some  experimental  samples  of  such  switch,  the  main  parameters  of  which 
are  given  in  the  table.  They  have  revealed  high  reliability  of  the  start  at  low  values  of 
trigger  current  up  to  ~  1  A.  Required  value  of  a  trigger  current  for  triggering  on  anode 
is  equal  to  ~  100  A  at  vacuum  gap  between  main  electrodes  3  mm.  The  use  of  trigger 
system  has  a  rate  of  the  discharge  current  rise  >  10*  *  A/s  without  appreciable 
distortion  of  a  current  wave-front  at  value  up  to  10  kA  and  half-cycle  duration  ~  200 
ns.  The  switch  has  withstood  more  than  10°  pulses  without  appreciable  deterioration  of 
the  electric  characteristics  during  testing  in  the  frequency  mode  at  1  kHz,  current  500 
A.  duration  ~  1  ps.  The  minimum  trigger  energy,  required  for  maintenance  of  a  steady 
mode  of  burning  of  the  discharge  at  any  polarity  of  main  electrodes,  is  equal  ~  10  mJ. 


Prospect  of  TVS  improvement 

The  analysis  of  Russian  and  market  of  switching  devices,  as  well  as  an 
experience  of  service  of  TVSs  during  10  years,  has  allowed  to  reveal  the  ranges  of 
parameters  TVS,  in  which  its  have  possess  appreciable  advantages  over  other  types  of 
devices:  voltages  1-30  kV,  currents  1-100  kA  at  transferred  change  in  a  pulse  from 
fractions  to  A/s  and  repetition  rate  of  pulses  up  to  some  kilohertz.  The  service  life  is 
estimated  through  a  summarized  transferred  change  105  -  106  A/s.  Further 

improvement  of  TVSs  will  allow  to  expand  gradually  these  ranges  in  the  direction, 
determined  by  the  development  of  the  pulse  engineering.  In  particular,  it  must 
required,  probably,  an  expansion  of  voltage  range  up  to  50-100  kV  for  available  pulse 
condensers  on  such  voltages.  There  is  the  need  of  the  increase  of  a  limit  current  and  a 
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Main  characteristics  of  the  sealed-off  TVS 


value  of  charge  a  pulse  for  the  replacement  of  power  ingUrons  at  currents  ^ 

and  a  value  of  charge  in  a  pulse  up  to  400  A/s.  In  case  of  need,  there  are  possibilities  of 

devdopmen.  of  of  TVSs  on  .he  market  will  be  promoted 

by  the  essential  increase  of  its  service  life  and  reliability  as  for  ^  . 

high-frequency  versions.  Moreover,  a  rather  important  direction  of 
of  vacuum  switches  is  the  reduction  of  start  losses  at  the  initial  stage  of  the  forma 
of  the  conductive  discharge  channel,  that  it  is  essential  for  high-frequency  switch^. 
Other  important  problem  is  the  increase  of  a  recovery  rate  of  an  electric  strength  ot 
TVS  determining  probability  of  the  multiple  breakdown  of  the  switch. 

It  should  be  done  more  detailed  researches  of  physical  processes  of  the  initiated 
vacuum  discharge  development  for  resolution  of  all  these  problem.  The  results  of 
associated  researches,  partially  presented  in  the  references  [  10-12  L  have  contributed 
to  more  comprehensive  understanding  of  the  phenomena,  restricted  limit  parameters  of 
TVSs  and  has  allowed  to  outline  the  ways  of  increasing  the  service  life  and  the 
switched  charge  value  of  the  available  types  of  TVSs  at  reduced  mass-dimensional 

characteristics  of  a  switch.  .  tUa 

The  researches  have  shown,  that  nowadays  design  possibilities  ot  the 

improvement  of  an  erosion  trigger  system  are  not  completely  settled.  We  succeeded  in 
essential  increasing  the  service  life  of  TVS-40  up  to  complete  wear  of  the  mam 

electrodes  due  to  the  modernization  of  a  trigger  unit  design  [  13] . 

The  modernization  of  a  trigger  unit  design,  as  well  as  the  optimization  ot  the 
main  electrode  system  and  application  of  to  begin  improvement  of  a  high-current 
vacuum  switch.  As  a  result,  there  were  developed,  manufactured  and  tes  ed 
experimental  samples  of  TVS-43,  which  is  capable  to  switch  current  pulses  up  to  2 
at  voltages  up  to  25  kV  and  switched  charge  value  up  to  120  A-s.  The  service  life  of  the 
switch  at  a  switching  current  ~  150  kA  (  crest  value  )  and  rate  of  its  rise  ~  10  A/s  is 
estimated  through  a  summarized  transferred  charge-  10  A-s.  New  switch  Iwssma  er 

metal  consumption  in  comparison  with  TVS-40.  Some  modifications  of  TVS-43  a 
different  cost  for  various  modes  of  application  were  developed.  ^  .  .  ^ 

We  do  not  see  restrictions  of  principle  the  point  of  view  of  physics  ot  the 
vacuum  discharge  for  further  increase  of  the  limit  values  of  a  switching  current  up  to 
500  kA  at  a  transferred  charge  >  100  A-s. 
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Abstract 

DECADE  is  a  very  high  power  generator  that  will  be  built  at  Arnold  Engineering  Develop¬ 
ment  Center  in  Tullahoma,  Tennessee  by  the  Defense  Special  Weapons  Agency.  The  full 
facility  consists  of  16  modules.  Two  full  power  modules  (DM1  and  DM2)  have  been  built  to 
verify  the  DECADE  design  at  Physics  International.  Each  module  consists  of  a  570  kJ  Marx 
generator  that  pulse  charges  a  water  transfer  capacitor.  The  transfer  capacitor  discharges  into 
a  water  output  line  through  an  array  of  6  parallel  triggered  gas  switches.  The  water  output  line 
then  pulse  charges  the  inductive  store/opening  switch  pulse  compression  stage.  When  the 
opening  switch  opens,  the  inductive  store  discharges  into  an  electron  beam  bremsstrahlung 
diode  load. 

The  initial  testing  of  the  DM1  module  has  been  completed.  The  electrical  design  of  the 
module  will  be  presented,  including  circuit  modeling  results.  The  test  data  from  a  module 
will  be  compared  to  the  modeling  results.  This  test  data,  including  reproducibility  and  timing 
accuracy,  was  used  to  predict  the  output  form  the  full  system  of  16  modules  and  a  subset  pf  4 
unit  modules  (DECADE  Quad).  One  option  under  consideration  is  to  deploy  a  DECADE 
Quad  at  the  testing  center  in  Tennessee  prior  to  the  full  16  module  system.  The  design  sketch 
of  the  DECADE  Quad  and  the  predicted  output  based  on  the  modeling  and  the  demonstrated 
module  performance  is  included  in  this  paper. 

Introduction  ■ 

The  DECADE  facility  (Figure  1)  will  be  the  first  high  power  x-ray  simulator  in  the  US  to  be 
built  using  inductive  store/opening  switch  (IS/OS)  technology  for  the  final  phase  of  pulse 
compression.*”  The  advantage  of  using  IS/OS  technology  is  that  the  energy  is  stored  magneti¬ 
cally  at  high  density  near  the  load  providing  for  high  power,  short  pulse  discharge  once  the 
opening  switch  opens.  The  plasma  opening  switch  (POS)  has  been  used  for  pulse  compres¬ 
sion  and  power  amplification  in  a  variety  of  inductive  energy  storage  systems  with  conduction 
times  ranging  from  tens  of  nanoseconds  to  over  one  microsecond.*^  '”  The  use  of  IS/OS  tech¬ 
nology  rather  than  the  conventional  capacitive  storage  technology  becomes  critical  for  large 
(>50  TW),  short  pulse  (20  ns)  electron  beam  (bremsstrahlung  x-ray)  generators. 

DECADE  Module  (DM1)  Description 

A  side  view  of  the  DECADE  test  module  is  shown  in  Figure  1 .  The  principal  components 
are  the  Marx  generator,  the  transfer  capacitor  (TC),  the  triggered  output  switches,  the  water 
output  line  (OL),  the  vacuum  insulator,  the  magnetically  insulated  transmission  line  (MITL) 
that  serves  as  the  inductive  store,  the  plasma  opening  switch  (POS),  and  the  electron 


'  This  work  is  supported  by  the  Defense  Special  Weapons  Agency.  Review  of  this  material  does  not  imply 
Department  of  Defense  endorsement  of  factual  accuracy  or  opinion. 
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beam/bremsstrahlung  diode  load.  Also  shown  in  this  figure  is  a  sketch  of  the  power  or  energy 
transfer  from  the  Marx  to  the  load.  The  discharge  sequence  begins  by  first  command  trigger¬ 
ing  the  Marx  generator,  this  results  in  pulse  charging  the  transfer  capacitor  (TC).  Output 
switches  are  then  command  triggered  and  the  pulse  is  transported  down  the  output  line  prior  to 
charging  the  inductive  store/POS  stage  in  250  ns.  The  final  event  is  the  opening  of  the  POS, 
this  discharges  the  inductive  store  as  a  current  charged  pulse  forming  line  into  the  diode  load. 
Circuit  Model  and  Output  Performance 

A  circuit  model  has  been  developed  over  the  last  few  years  as  a  design  tool  for  the  DECADE 
system.  Most  of  the  circuit  elements  are  modeled  as  transmission  line  segments.  The  com¬ 
puter  code  then  simulates  circuit  performance  by  keeping  track  of  transmission  and  reflection 
at  the  transmission  line  segment  interfaces.  The  code  runs  quickly  on  an  IBM-386  (or  higher) 
PC,  since  no  differential  equations  are  solved.  The  circuit  model  for  DM1  is  shown  in 
Figure  2.  The  model  has  been  developed  to  attain  excellent  agreement  with  electrical  per¬ 
formance  of  all  components  up  to  the  conduction  current  into  the  POS.  Due  to  the  presence  of 
plasma  and  electron  beam  between  the  POS  and  the  diode  there  are  presently  no  reliable 
electrical  diagnostics  to  allow  quantitative  calibration  of  the  model  down  stream  of  the  POS. 

The  principal  electrical  diagnostics  along  the  machine  are  Marx  current  monitors  (current 
viewing  resistors  on  each  sub-Marx),  capacitive  voltage  monitor  on  the  TC,  capacitive  voltage 
monitor  in  the  oil  upstream  of  the  tube,  current  monitors  in  oil  and  vacuum  (B-dots)  at  the 
tube  and  in  the  anode  upstream  of  the  POS.  The  current  monitors  and  the  tube  voltage  moni¬ 
tor  are  calibrated  to  about  ±5%.  The  voltage  monitor  on  the  TC  has  not  been  carefully 
calibrated. 

The  measured  waveforms  along  the  machine  are  compared  to  the  model  calculations  for 
shot  1 143  as  shown  in  Figure  3.  The  model  calculations  agree  within  experimental  error  for 
the  well  calibrated  monitors  and  the  shape  of  the  voltage  on  the  TC  agrees  with  the  measure¬ 
ment. 

The  voltage  produced  by  the  opening  action  of  the  POS  can  be  “measured”  using  the  voltage 
measured  at  the  tube,  the  current  measured  in  the  MITL,  and  the  known  impedance  and  length 
of  the  transmission  line  between  the  monitor  and  the  POS  location.  A  comparison  of  the 
“measured”  voltage  at  the  POS  with  the  module  calculations  is  shown  in  Figure  4(a).  The 
agreement  between  the  model  calculations  and  the  measured  waveforms  is  attained  by  adjust¬ 
ing  the  assumed  profiles  for  the  diode  and  POS  impedances.  The  final  assumed  profiles  that 
achieved  optimum  agreement  in  both  shape  and  amplitude  are  shown  in  Figure  4(b). 

In  addition'  to  the  electrical  measurements  discussed  above,  there  are  also  x-ray  radiation 
measurements  including  a  filtered  Si  PIN  that  provides  a  measurement  of  the  x-ray  power 
pulse  shape.  An  example  of  the  measured  x-ray  power  pulse  shape  from  shot  1143  is  shown 
in  Figure  4(c).  The  timing  Jitter  of  this  radiated  power  is  critical  to  the  analysis  of  the  pre¬ 
dicted  performance  of  a  multiple  module  system  as  discussed  in  the  next  section. 

DECADE  System  Design  -  Bremsstrahlung  Radiation  Load 

The  planned  DECADE  machine  is  shown  in  Figure  1.  This  machine  consists  of  16  electri¬ 
cally  independent  modules  similar  to  the  DM1  module.  Each  of  the  4  large  Marx  tanks 
contains  4  separate  Marx  modules.  Each  of  the  quads  (large  Marx  tank  plus  4  TCs  and  OLs) 
is  mounted  on  tracks  and  is  designed  to  move  back  to  facilitate  tube,  MITL,  and  output  switch 
maintenance.  The  diode  array  consists  of  16  hexagonally  close  packed  ten  inch  diameter 
pinched  beam  bremsstrahlung  diodes.  The  radiation  output  from  the  machine  provides  a 
uniform  (2  to  1  peak  to  valley),  approximately  10,000  cm’  test  area  5  inches  from  the  plane  of 
the  diodes.  Notice  each  of  the  modules  is  operated  independently  from  the  Marx  through  the 
diode  and  can  be  fired  separately  or  as  the  16  module  ensemble.  The  predicted  dose  pattern 
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for  DECADE  based  on  the  single  module  (DM1  shot  1341)  radiation  measurement  is  shown 
in  Figure  5. 

The  combination  of  the  radiation  output  from  the  individual  modules  into  a  single  composite 
40  ns  (FWHM)  radiation  pulse  at  the  testing  plane  requires;  low  total  timing  jitter  (<10  ns 
command  fire  to  peak  x-ray  power),  a  narrow  35  ns  FWHM  single  module  pulse  width,  and  a 
method  of  adjusting  timing  differences  between  modules. 

The  x-ray  power  measured  on  a  run  of  16  shots  on  DM1  are  shown  in  Figure  6.  The  16 
waveforms  are  shown  overlaid  as  referenced  to  the  initiation  (t=0)  of  the  command  fire  se¬ 
quence.  This  is  a  method  of  simulating  the  expected  radiation  pulse  shape  from  the  16 
module  system  with  one  module.  Adding  up  all  of  these  16  radiation  waveforms  produces  the 
predicted  composite  DECADE  radiation  pulse  shape  also  shown  in  Figured.  Note  the 
FWHM  of  the  predicted  radiated  power  on  DECADE  is  40  ns. 

The  last  critical  timing  issue  for  the  DECADE  system  is  the  ability  to  adjust  timing  differ¬ 
ences  among  the  individual  modules.  This  timing  difference  should  be  small  (<20  ns)  since 
the  Marx  capacitance  and  Marx  charge  voltage  will  be  carefully  controlled  among  the  mod¬ 
ules.  The  DECADE  system  design  includes  two  methods  of  adjusting  the  individual  module’s 
time  to  x-rays.  First  each  module  on  DECADE  has  a  separate  corrunand  fire  timing  control  on 
the  TC  output  switches.  The  capability  to  adjust  module  timing  over  a  100  ns  range  has  been 
demonstrated  on  DM1.  The  second  method  of  timing  control  is  to  adjust  the  POS  conduction 
time  by  changing  the  plasma  density  of  the  conducting  plasma.  The  electrical  parameter  that 
is  adjusted  to  change  the  POS  plasma  density  is  the  POS  plasma  gun  charge  voltage.  Each  of 
the  modules  on  DECADE  will  have  a  separate  computer  controlled  voltage  power  supply  for 
the  POS  guns.  The  capability  to  adjust  the  module  timing  over  a  30  ns  range  by  this  method 
was  also  demonstrated  on  DM1.  Either  method  can  be  used  to  eliminate  the  projected  timing 
differences  between  modules  on  DECADE.  The  reason  for  providing  both  methods  is  that  the 
peak  power  from  individual  modules  may  be  optimized  at  different  conduction  times  in  which 
case  the  TC  timing  control  would  be  used  to  eliminate  timing  differences. 

Two  full  power  test  modules  have  been  built  at  Physics  International  Company  to  verify  the 
DECADE  design  before  constructing  the  facility  in  Tennessee.  The  two  modules  can  either  be 
operated  in  separate  test  facilities  or  combined  into  a  common  load  by  opening  a  moveable 
shielding  wall  as  shown  in  Figure  7.  The  front  end  of  the  second  DECADE  module  (DM2) 
that  was  recently  completed  is  shown  in  Figure  8.  This  new  module  is  completely  computer 
controlled  and  is  the  final  demonstration  system  before  constructing  a  radiation  test  facility  in 
Tennessee. 

DECADE  Quad 

One  of  the  options  under  consideration  is  to  initially  deploy  four  modules  or  a  quarter  of  the 
DECADE  system  in  Tennessee.  A  drawing  of  a  DECADE  Quad  in  the  bremsstrahlung  load 
configuration  is  shown  in  Figure  9.  Each  of  the  four  modules  will  have  a  separate  ten  inch 
diameter  pinched-beam  bremsstrahlung  diode. 

The  DECADE  Quad  will  also  be  capable  of  driving  a  plasma  radiation  source  (PRS)  load 
for  producing  soft  x-rays  from  1  to  8  keV.  A  conceptual  sketch  of  one  option  for  combining 
the  output  from  all  four  modules  into  a  single  PRS  load  is  shown  in  Figure  10.  The  design 
sketch  shows  the  vacuum  section  of  the  Quad.  The  majority  of  the  upstream  vacuum  MITL 
hardware  is  the  same  as  for  the  bremsstrahlung  load.  The  PRS  MITL  hardware,  instead  of 
terminating  in  a  separate  diode  load,  has  a  transition  from  coaxial  geometry  to  triplate.  The 
four  triplate  sections  from  each  module  would  join  a  central  triplate  disc  feed.  The  power 
from  the  triplate  disc  would  be  combined  into  the  PRS  load  using  a  standard  post  hole  convo¬ 
lute. 
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The  PRS  radiation  output  is  predicted  by  first  using  the  circuit  model  as  shown  in  Figure  2 
with  modifications  for  a  PRS  load.  The  circuit  model  modifications  consist  of  deleting  the 
POS  and  bremsstrahlung  load  and  adding  a  MITL  section  for  combining  the  modules  and  an 
imploding  plasma  model  for  the  PRS  load.  The  peak  predicted  current  for  the  DECADE 
Quad  driving  an  imploding  plasma  load  is  7.5  MA  as  shown  in  Figure  1 1(a).  The  second  step 
in  predicting  the  radiation  output  is  to  use  the  experimental  scaling  data  from  other  machines 
to  predict  the  Argon  k-line  radiation  yield  for  7.5  MA  as  shown  in  Figure  11(b).  This  scaling 
data  suggests  the  DECADE  Quad  should  be  capable  of  producing  at  least  65  kJ  of  Argon 
radiation.  One  area  requiring  further  development  is  the  demonstration  of  stable  PRS  implo¬ 
sions  when  driven  by  3(X)-4{)0  ns  current  pulses.  Figure  1 1  shows  the  required  implosion  time 
on  the  DECADE  Quad  is  350  ns  while  the  majority  of  the  scaling  data  was  taken  on  faster 
machines  with  less  than  1(X)  ns  implosion  times. 

Conclusions 

The  final  design  verification  tests  of  the  16  module  DECADE  machine  are  in  progress  on 
two  full  power  modules,  DM1  And  DM2.  The  modular  design  for  DECADE  allows  flexibil¬ 
ity  in  the  next  phase  of  implementation  in  Tennessee.  A  design  sketch  of  a  four  module 
DECADE  Quad  machine  has  been  completed.  This  machine  should  be  capable  of  producing 
20  krad  (Si)  over  2200  cm^  at  1.5  MV  end  point  with  a  bremsstrahlung  load  and  greater  than 
65  kJ  of  Argon  k-line  radiation. 
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Figure  1.  DECADE  Simulator 


i~vi 


Rgure  2.  Side  View  and  Circuit  Model  of  a  DECADE  Module 
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EXPLOSIVE  OPENING  SWITCHES  WITH  CONTROLLED  TIME 

OF 

CURRENT  RISING  IN  THE  LOAD 
V.K.  Chernyshev,  G.I.Volkov,  V.A.Ivanov,  S.V.Pak,  A.N.Skobelev 


VNIIEF,  Sarov,  N.Novgorod  region,  Russia 


When  solving  some  physical  problems,  in  particular,  when  studing  the 
dynamic  characteristics  of  solid  liners  accelerated  by  magnetic  field, 
highpower  magnetic  energy  sources  with  controlled  time  of  current  rising  in 
the  load  are  needed.  The  helical  explosive-magnetic  generators  equipped 
with  explosive  opening  switches  are  commonly  used  in  our  experiments. 
Such  sources  produce  the  energy  of  tens  megajoules  (1)  and  transmit  it  to 
the  load  in  a  matter  of  microseconds. 

It  is  known  that  for  the  constant  load  and  generator  inductance  the 
solution  for  the  current  commutation  electrical  circuit  equipped  with 
explosive  opening  switch  is  presented  as  follows: 


Ii(t)  =  Io(l-exp(-JaRp(t)dt)  ,  where 


Ii(t)  is  a  current  in  the  load, 

lo  is  a  current  in  the  generator  circuit  at  the  instant  the  commutation  is 
started  up. 

Rp(t)  is  an  opening  switch  resistance. 


a  =  (  Lg+  Li )  /  LgLi  ,  where 


Lg  and  Li  are  generator  and  load  inductance,  respectively. 

As  seen  from  the  solution,  the  time  of  current  rising  in  the  load,  when  Li 
and  Lg  are  specified,  is  defined  by  the  integral  JaRp(t).dt.  The  time  of 
energy  transmission  to  the  load  may  be  controlled  by  varying  Rp(t).  In  the 
studies  performed  earlier  (2  and  3)  the  resitance  of  the  length  and  thickness 
of  the  ruptured  conductor.  In  this  case  the  conductor  was  ruptured  along  the 
total  length  at  a  time  due  to  the  shell  charge  initiated  simultaneously  over 
the  entire  surface.  A  new  metlod  to  change  the  resistance  of  opening  switch 
due  to  detonation  propagating  in  steps  over  the  shell  charge  or  to  detonation 
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propagating  in  the  mode  of  gliding  shock  wave  was  proposed  and  studied  to 
extend  the  range  for  the  time  of  current  rising  in  the  load. 

In  the  first  experiment  performed  with  the  helical  explosive-magnetic 
denerator  160  mm  in  diameter  and  explosive  dielectric  jet  opening  switch 
(4)  with  the  rupturing  conductor  100  mm  long,  1  mm  thick  and  300  mm 
wide,  the  detonation  was  initiated  over  the  shell  charge  in  the  mode  of 
gliding  shock  wave.  The  generator  and  load  inductance  was  25  nH.  The 
current  in  generator  and  load  circuits  was  10  MA  and  4.5  MA, 

respectively. 

The  recorded  time  of  current  rising  in  the  load  increased  by  a  factor  of  3 
as  compared  with  the  earlier  test  when  the  simultaneous  charge  initiation 
was  provided. 

In  the  second  experiment  the  helical  explosive-magnetic  generator  200 
mm  in  diameter  with  explosive  dielectric  jet  opening  switch  with  the 
rupturing  conductor  600  mm  long,  2  mm  thick  and  600  mm  wide  was 
used.  The  generator  and  load  inductance  was  50  nH.  The  shell  charge  was 
initiated  in  successive  steps  along  the  way  of  current  propagation  with  the 
delay  of  1  ps  every  100  mm.  The  ultimate  generator  current  of  22  MA 
produced  in  the  inductive  load  the  current  pulse  with  the  amplitude  of  22 
MA  and  the  leading  edge  rising  of  1 0  ps.  The  time  of  current  rising  in  the 
load  increased  by  a  factor  of  2.8  as  compared  with  the  experiment  when  the 
whole  shell  charge  was  initiated  at  a  time. 

The  obtained  results  indicate  that  there  is  a  possibility  to  vary  the  time  of 
current  pulse  rising  in  the  load  at  the  current  level  up  to  10  MA  due  to  the 
charge  initiation  provided  at  different  times  in  the  range  between  2  and  10 
ps. 
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Abstract 

A  new  type  of  pulse  power  system  has  been  developed  to  obtain  an  efficient,  highly  repetitive 
pulse-power  generation.  The  system  is  constructed  of  a  double  pulse  circuit  (1st  stage),  step-up 
transformer  and  Blumlein  pulse  forming  line  (BL)  and  can  generate  high  power  pulse  of  600 
kV,  24  kA,  60  ns.  In  the  system,  discharge  gap  switches  are  replaced  by  magnetic  switches. 

In  addition,  instead  of  Marx  generator,  step-up  transformer  is  utilized  to  generate  high  voltage 
pulse.  The  system  is  tested  under  the  double  pulse  mode  where  two  1st  stage  capacitors  are 
connected  in  parallel  and  switched  with  a  interval  of  Tj.  The  minimum  value  of  Tj  is  limited 
by  the  recovery  of  1st  stage  gap  switches  and  at  Tj  >  500  ps  (equivalent  rep-rate  of  2  kHz),  the 
system  is  operated  with  good  reproducibility.  To  enhance  the  recovery,  magnetic  switch  is 
utilized,  which  enable  the  operation  at  Tj  >  30  ps  (equivalent  rep-rate  of  33  kHz). 

1  Introduction  highly  repetitive  operation  and  more  than  5  kHz 

’pulsed  power  systems  have  been  widely  of  repetition  rate  has  been  obtained^  However, 
applied  for  the  generation  of  high  power  particle  to  the  limitation  of  switchmg  current  m  th^e 
beams,  for  the  excitation  of  gas  lasers,  or  for  the  switches,  those  combination  seems  to  be 
strong  radiation  sources'’^  In  those  applications,  applicable  only  for  a  small  system, 
it  is  veiy  important  to  develop  a  highly  repetitive  A  hydrogen  gap  switch  on  the  other  han^  has 
system.  Recently,  magnetic  switches  have  been  found  to  have  a  fast  recovery  of  breakdo^ 

utilized  with  thyristor  or  thyratron  to  obtain  a  voltage^  Since  the  upper  lirmt  of  the  switchmg 
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Figure  2, 
Equivalent 
circuit  of 
the  system. 


current  in  the  switch  is  very  high,  a  combination 
of  the  hydrogen  gap  switch  with  magnetic  pulse 
compressor  is  hopeful  to  develop  high-power, 
high-repetition  systems. 

To  develop  a  highly  repetitive  system,  we 
have  developed  a  new  type  of  pulsed  power 
system  using  magnetic  pulse  compressors  with 
hydrogen  gap  switches.  To  demonstrate  the 
performance,  the  system  is  tested  on  the  double 
pulse  mode. 

2.  Experimental  system 

Figure  1  shows  the  cross-sectional  view  of  the 
experimental  system.  The  system  consists  of  a 
double  pulse  circuit,  a  step-up  transformer*  and  a 
Blumlein  pulse  forming  line’  and  has  a  output 
parameter  of  600  kV,  24  kA,  60  ns.  In  the 
double  pulse  circuit,  a  pair  of  capacitors  (Coi,  C02) 
with  hydrogen  gap  switches  are  utilized  to 
produce  double  pulse.  The  step  up  transformer 
consists  of  a  2nd  stage  capacitor  (Ci),  a  magnetic 
switch  of  amorphous  core  (MSI),  a  step  up 
transformer  using  amorphous  core  (Trans.),  and  a 
saturable  inductor  of  amorphous  core  (SI)  and  the 
pulse  is  compressed  and  is  stepped  up  in  the 
circuit.  In  the  Blumlein,  magnetic  switch  (MS2) 
and  saturable  charging  inductor  (CI/Trans.)  are 
utilized  to  obtain  the  efficiency  and  make  possible 
the  repetitive  operation.  The  system  is  operated 
under  the  double  pulse  mode,  where  Coi  and  C02 
are  switched  with  an  interval  of  Tj.  In  the 
system  of  using  ferromagnetic  cores,  it  is 
necessary  to  reset  the  cores  to  obtain  the  best 
performance  and  the  reproducibly  of  the  system. 
The  reset  of  the  core  is  done  by  applying  bias 
current  before  operation.  Since  that  the  value  of 


coercive  forces  for  amorphous  metallic  core 
is  usually  several  A/m  or  less  and  corresponding 
current  for  the  core  of  sub-meter  diameter  size  is 
less  than  10  A,  it  is  possible  to  reset  the  core  by  a 
DC  current.  However,  for  repetitive  operation, 
pulsed  reset  circuit  is  employed  in  the  system  to 
reset  in  the  short  time. 

Figure  2  shows  the  equivalent  circuit  of  the 
whole  system  used  in  the  experiment.  The 
double  pulse  circuit,  the  step-up  transformer,  and 
the  pulse  forming  line  are  described  with  a  reset 
circuit.  As  seen  in  the  figure,  a  pair  of  capacitor 
banks  (Cr+,  Q,  80  pF,  3.5  kV  each)  are  utilized 
in  the  circuit  to  reset  the  amorphous  cores.  Four 
inductors  (Z*,  50  pH)  are  used  to  block  the  surge 
voltage  produced  by  the  main  pulse  of  the  system. 
To  obtain  imipolar  (non  oscillatory)  wave  forms, 
dumping  resistors  {RJ)  of  1.6  are  inserted  in 
each  banks. 

Figure  3  shows  the  waveforms  of  the  reset  cur¬ 
rent  of  the  magnetic  switch  (Jms),  the  transformer 
(/sr),  the  Blumlein  switch  {Jbl-sw),  and  the 
charging  inductor  of  the  Blumlein  (/a).  The 
charging  voltage  of  Q+  and  Cr.  in  the  shots  are 
+1  kV  and  -kV,  respectively.  As  seen  in  the 
figure,  each  currents  have  over  dumped,  unipolar 
waveform  of  rise  time  around  100  ps  and  peak 
current  around  150  A.  The  values  of  He  are  less 
than  4  A/m  for  MSI,  Trans,  MS2,  and  less  than  2 
A/m  for  CI/Trans.  and  the  current  necessary  to 
reset  these  cores  are  less  than  10  A. 
Consequently,  150  A  of  reset  current  are  one 
order  of  magnitude  higher  than  the  values,  it 
seems  to  be  sufficient  to  reset  these  cores. 

The  circuit  parameter  of  the  system  in  the  test 
is  listed  in  Table  I.  The  experiment  is  done 
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Reset  Current  Vreset  =  1  kV 


Figure  3.  Typical  waveforms  of  the  reset 
current. 


Table  I  Circuit  parameter 

in  the  experiment. 

Coh  C02 

450  nF,  450  nF 

Coi 

240  nF 

CsLh  CblI 

1 1  nF,  9  nF 

Zl 

25  0 

Output  impedance  of  the 
line 

240 

Hydrogen  gap  switches 
used  in  the  double  pulse 
circuit 

gap  length  8mm, 
filling  pressure  10  atm, 
self  breakdown  voltage 
(Fbr)  100  kV 

Double  Pulse  Test  delay  254  us 
Vco  =  50  kV  (  DC  50  %  ) 


0  1  2 
Time  [  yu  s  ] 

Figure  4,  Typical  waveforms  obtained  in  the 
shot  of  Td  =  254  ps. 


Figures.  Probability  of  successM  opera¬ 
tions  plotted  against  Td. 

the  sequence  shown  as  follows. 

1 .  Initial  reset  of  the  cores. 

2.  Charging  of  the  1st  capacitors  {Coj,  C02)  and 
the  reset  circuits  {Cri,  Cr?)- 

3.  Trigger  Coi  and  the  reset  circuits  {Cri,  Cr^, 
simultaneously. 

4.  Trigger  C02  with  an  interval  of  Td  after  the 
trigger  of  Coi. 

3.  Results  of  the  experiment 

Figure  4  shows  the  typical  waveforms  of  the 
charging  voltage  of  C;  {Vci  ),  the  charging 
voltage  of  the  line  (Isi).  and  the  load  voltage  (Vi) 
obtained  in  the  experiment  in  the  shot  of  Td  =  254 
ps  and  the  charging  voltage  (Vc/,)  of  50  kV. 
Solid  lines  and  dashed  lines  corresponds  to  the  1st 
and  the  2nd  shots,  respectively.  As  seen  in  the 
figure,  good  correspondence  has  been  obtained 
between  the  1st  and  the  2nd  shots.  That  is,  the 
system  is  successfully  operated  at  7^  =  254  ps  as  a 
result  that  hydrogen  switch  is  recovered  and 
sustain  the  charging  voltage  of  C02. 

Figure  5  shows  the  probability  of  successful 
operation  plotted  against  Td  as  a  parameter  of 
charging  voltage.  Ten  shots  of  operation  is  done 
for  each  Td-  As  seen  in  the  figure,  when 
charging  voltage  is  50  %  of  the  self  breakdown 
voltage  of  the  hydrogen  switches  (Fas), 
probability  of  100  %  is  obtained  at  Td  -  500  ps. 
That  is,  2  kHz  of  equivalent  repetition  rate  is 
obtained  without  miss-firing.  In  the  case  of  40% 
and  60  %  of  Vrs,  the  equivalent  repetition  rates 
are  observed  to  be  3  kHz  and  1  kHz,  respectively. 
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Figure  6.  Circuit  of  1  st  stage  bank  when  MS 
is  used  to  assist  for  the  recovery  of 
spark  gap  switch. 


Double  Pulse  Test  delay  39  //s 
Vco  =  50  kV  (  DC  50  %  ) 


Figure  7.  Typical  waveforms  obtained  with 
magnetic  assistance  at  7V=  39  ps.. 


To  obtain  more  high  repetition  rate,  additional 
MS  is  used  in  the  double  pulse  circuit.  Figure  6 
shows  the  circuit  used  in  the  experiment.  The 
MS  is  the  Fe  based  amorphous  core  of  magnetic 
swing  (AB)  =  0.18  T  and  has  a  dimension  of  250 
mm  (OD),  114  mm  (ID)  and  96  mm  (W).  The 
core  with  4  turn  of  winding  gives  a  Vr  value  of 
0.049  (Vs).  The  MS  is  reset  in  the  same 
direction  as  the  current  produced  by  Coi.  As  the 
Fr  value  produced  by  C02  is  roughly  estimated  to 
be 

0  ^ 


where  Vco2  is  the  output  voltage  of  C02,  t  is  the 
charging  time  of  C/,  and  Vch  is  the  charging 
voltage  of  C02.  In  case  of  Vch  is  50  kV, 
corresponding  Vt  value  is  30  ms,  the  value  is 
small  enough  compared  to  the  Vt  value  obtained 
by  MS.  That  is,  the  pulse  voltage  by  C02  (2nd 
pulse)  is  sustained  by  MS.  In  the  case,  no  time 
is  necessary  to  recover  SWi  and  Tj  is  limited  only 
by  the  reset  circuit. 

The  experiment  is  done  at  Vch  =  50  kV.  To 
obtain  fast  rest  of  the  cores,  charging  voltage  of 
reset  circuits  are  increased  to  3  kV.  The 
waveforms  become  stable  when  Td>  39  ps. 

Figure  7  shows  the  waveforms  obtained  by  the 
circuit  when  Td  =  39  ps.  In  the  case,  the 
repetition  rate  is  limited  by  the  reset  time  and  the 
result  indicate  that  it  takes  about  39  ps  to  reset 
amorphous  cores. 

Ihe  energy  transfer  efficiency  is  estimated  by 
comparing  the  charging  energy  of  Coi  with  an 
ou^ut  pulse  energy  obtained  by  integrating  the 
product  of  a  load  voltage  and  load  current.  High 
value  of  65  %  is  obtained,  which  is  much  better 
than  the  case  of  using  SFj  and  operated  in  the 
single  pulse  mode  (less  than  50  %)^,  or  the  case 
that  BL  is  operated  with  Marx  generator  (around 
40  Vo)? 
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Abstract 

The  printed  board  dipole  trim  magnet  design  for  a  20MeV  LIA  is  presented.  The 
prototype  dipole  magnet  with  the  sin/cos  distributed  windings  has  demonstrated  more  than 
650  Gs-cm  integrated  dipole  field  and  1%  integrated  dipde  field  homogeneity  within  5  cm  in 
radius,  which  is  about  40%  of  the  magnet  radius.  Numerical  modeling  of  two  prototype 
magnet  designs  using  the  3D  magnetic  field  code  SCMAG  is  presented  as  well  as  data  from 
magnetic  field  measurements  of  the  two  magnets.  The  agreement  between  the  calculations  and 
measurements  is  accurate  to  2-3%. 


Introduction 

The  20  MeV  Linear  Induction  Accelerator  (LIA)  will  produce  a  3-kA,  20-MeV,  60-ns 
flattop  high-brightness  electron  beam  using  a  series  of  250  -kV,  ferrite-core  induction  cells,  8 
of  which  construct  an  electron  beam  injector  of  2-MV  and  the  remaider  is  used  as  a  post¬ 
accelerator.  To  transport  the  electron  beam,  each  cell  (except  4  of  the  injector  )contains  a 
solenoid  magnet.  An  ideal  solenoid  would  only  produce  a  magnetic  field  along  its  axis.  Real 
solenoid  also  produce  transverse  field  component(“error  fields”)which  kick  the  beam  off-axis, 
causing  the  chromatic  oberration  known  as  “corkscrew”''*  and  enhancing  the  growth  of  the 
Beam  Breakup  instability  (BBU).Both  phenomena  result  in  transverse  oscillations  and 
emittance  growth  of  the  beam  .To  meet  the  accelerator  performance  goals,  the  reduction  of 
transverse  error  fields  in  these  magnets  is  the  principal  design  challenge.  Our  solenoid  design 
features  bifilar  winding  to  reduce  field  errors  due  to  winding  geometry  ,iron  homogenizer 
rings  within  the  solenoid  to  greatly  reduce  the  effects  of  winding  errors,  and  printed  board 
dipole  trim  magnets  inside  the  solenoids  to  correct  any  remaining  field  misalignment.  These 
design  considerations  have  been  proved  very  effective'^’’'^’’*'''. 

Our  two  prototype  dipole  magnets  are  fabricated  by  photoetching  0.5mm  thick  copper 
sheet  laminated  to  0.2mm  polymer  film.  Each  dipole  has  two  such  layers,  which  are  wrapped 
inside  the  solenoids  and  oriented  90°  apart.  Therefore,  the  dipole  magnets  can  produce  a 
dipole  field  of  arbitrary  phase  angle  to  correct  for  solenoid  installation  errors. 

In  the  following  sections,  the  winding  design  and  3D  field  calculation,  calculated  and 
measured  results,  and  conclusions  are  presented. 
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Winding  design  and  3D  field  calculation 

It  is  important  that  the  trim  magnets  must  have  a  high  enough  dipole  magnetic  field 
and  a  good  enough  field  homogeneity  for  the  correction  need,  that  maily  depend  on  their 
winding  distribution.  For  comparision,  one  designed  two  winding  distributions  for  the 
prototype  trim  magnets,  which  are  12.6 
cm  in  radius  and  45  cm  in  length.  One 
magnet  has  the  sin/cos  distributed 
windings  of  30  turns  in  each  half  and 
its  number  of  turns  per  degree  at  the 
circumference  of  the  circular  cross 
section  is  approximately  proportional 
to  the  sin  or  cos  of  the  phase  angle. 

The  other  has  the  uniform  distributed 
windings  of  only  6  turns  in  each  half 
and  its  winding  density  is  constant.  For 
the  two  winding  geometries,  each  turn 
is  saddle-shaped  as  shown  in  Fig.l . 

The  magnetic  field  in  the  trim  magnet  is  calculated  by  the  3D  magnetic  field  code 
SCMAG,  in  which  the  field  at  a  point  in  space  is  obtained  by  integrating  the  Biot-Savart 
relation  over  the  entire  conductor  path.  Each  turn  conductor  is  represented  by  a  straight 
section  plus  a  circular  arch  for  the  end  region.  For  field  calculations  each  turn  conductor  is 
subdivided  by  1-2  in  thickness  and  1-6  in  width  with  each  subdivision  being  approximated  by 
a  filament  at  its  center. 


Fig.  1 .  Saddle-shaped  winding  turn  of  the  dipole  magnets 


Calculated  and  measured  results 

The  normal  dipole  field.  By,  skew  dipole  field,  B,,  and  axial  field  component,  B,  in  the 
two  trim  magnets  were  calculated.  In  calculations,  the  current  per  turn  was  lOA  and  60A  for 
the  sin/cos  distribution  magnet  and  the  uniform  distribution  one  respectively.  In  this  case, 
both  magnets  have  nearly  same  electric  consumed  power.  The  3D  magnetic  field 
measurements  of  the  two  magnets  were  completed  by  a  Hall  probe  gaussmeter  with  0.1  Gs 
sensitivity.  Fig.  2  shows  the  calculated  normal  dipole  field  profiles  both  along  the  axial 
distance,  Z  and  in  the  transverse  cross  sections,  as  well  as  the  corresponding  measured  data. 
The  calculated  normal  integrated  dipole  fields,  Js^ofeat  the  various  radius,  r  and  phase  angle, 

e  are  shown  in  Fig. 3. 

as  seen  from  Figs.2  and  3,  the  normal  integrated  dipole  fields  of  the  two  magnets  are 
nearly  same  and  more  than  650  Gs-cm,  but  the  normal  dipole  field  homogeneity  for  the 
sin/cos  distribution  magnet  is  much  better  than  that  for  the  uniform  distribution  one.  The 
homogeneous  field  region  with  1%  homogeneity  for  the  sin/cos  distribution  magnet  is  up  to 
5cm  in  radius,  which  is  about  40%  of  the  magnet  radius,  while  that  for  the  uniform 
distribution  one  only  2cm  in  radius.  Furthermore,  both  calculations  and  measurements 
indicate  that  the  skew  dipole  field  ,  B^^  and  axial  field  component,  B,,  for  the  sin/cos 
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Fig. 3  calculated  normal  integrated  dipole  fields,  j vs.  radius,  r  at  various  phase  angle, 

6  for  sin/cos  distribution  (left)  and  uniform  distribution  (right ). 

distribution  magnet  are  also  less  than  that  of  the  uniform  distribution  one.  For  the  sin/cos 
distribution  magnet,  B,(/By  within  5cm  in  radius  and  40cm  in  axial  length  is  less  than  5%. 
Serious  normal  dipole  field  non-homogeneity  and  skew  dipole  field  component  can  produce 
higher  order  field  harmonics.  For  our  trim  magnets,  the  field  harmonics  in  the  end  region  are 
to  be  further  examined. 

It  is  also  seen  from  Fig.2  that  the  agreement  between  the  calculations  and  measurements 
is  very  good  and  accurate  to  2-3%.  this  shows  the  SCMAG  code  did  work  very  well. 


Conclusions 

Two  prototype  printed  board  dipole  trim  magnets  with  different  distributed  windings 
were  designed  and  fabricated.  Numerical  modeling  using  the  3D  magnetic  field  code  SCMAG 
and  measurements  of  the  two  magnets  were  completed.  The  results  show  the  sin/cos 
distributed  winding  design  is  superior  to  the  uniform  distributed  winding  design  in  the  field 
homogeneity.  The  magnet  with  the  sin/cos  distributed  windings  has  demonstrated  more  than 
650  Gs-cm  integrated  dipole  field  and  1%  integrated  dipole  field  homogeneity  within  a  radius 
of  5cm  which  is  about  40%  of  the  magnet  radius.  The  agreement  between  the  numerical 
modeling  and  measurements  is  very  good  and  accurate  to  2-3%.  The  higher  order  field 
harmonics  in  the  end  region  of  the  magnets  are  to  be  further  studied. 
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Halo  formation  is  studied  for  ion  beam  propagation  through  an  alternating-gradient 
focusing  channel  with  root-mean-squared  (RMS)  matched  envelopes  in  the  space-charge- 
dominated  regime.  In  particular,  an  earlier  theoretical  model  [1]  is  generalized  to  describe 
halo  formation  observed  recently  in  a  potassium  (K‘^)  beam  in  the  2-MV  Heavy  Ion  Beam 
Injector  Experiment  at  the  LBNL  [2],  where  the  measured  density  profile  shows  a  density 
depression  on  the  beam  axis.  This  generalization  allows  qualitative  comparisons  between 
the  halo  theory  and  the  experimental  measurements,  which  are  found  in  good  agreement. 

1.  INTRODUCTION 

The  problem  of  halo  formation  is  a  major  concern  in  the  design  of  advanced  high- 
current,  high-power  particle  accelerators  with  a  wide  range  of  applications  such  as  heavy 
ion  fusion,  high-energy  and  nuclear  physics  research,  tritium  production,  advanced  radi¬ 
ation  sources,  and  high-power,  high-resolution  radar,  all  of  which  require  the  production, 
acceleration,  and  transport  of  intense  electron  and/or  ion  beams.  The  consequences  of 
halo  formation  range  from  emittance  growth  in  the  beam,  to  the  buildup  of  radioactivity 
in  the  accelerator,  to  the  meltdown  of  system  components,  depending  on  the  applications. 

For  a  space-charge-dominated  beam  which  is  root-mean-squared  (RMS)  matched  into 
an  alternating  gradient  focusing  channel  and  whose  density  profile  decreases  parabolically 
from  the  beam  axis,  it  has  been  previously  shown  [1]  that  nonlinearities  in  the  beam  self 
fields  due  to  the  charge  density  nonuniformity  induce  chaotic  particle  motion  and  cause 
a  small  fraction  of  particles  to  escape  from  the  beam  interior  to  form  a  halo.  Recently, 
experimental  evidence  of  halo  formation  has  been  observed  in  a  space-charge-dominated 
potassium  (K"*”)  beam  in  the  2-MV  Heavy  Ion  Beam  Injector  Experiment  at  the  Lawrence 
Berkeley  National  Laboratory  (LBNL)  [2],  where  the  measured  density  profile  shows  a 
density  depression  on  the  beam  axis.  The  aim  of  this  paper  is  to  generalize  the  halo  theory 
[1]  to  allow  the  beam  to  have  a  density  depression  on  the  beam  axis,  so  that  qualitative 
comparisons  can  be  made  between  the  theory  and  the  experimental  observations. 


2.  THEORETICAL  MODEL 

We  consider  a  thin,  continuous,  intense  ion  beam  propagating  with  average  velocity 
through  the  periodic  quadrupole  magnetic  field 
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B‘^{x,  y,  s)  =  Bg{s){ye^  +  xCy)  =  B^{x,  y,s  +  S), 


(1) 


where  {x,y)  is  the  transverse  displacement  from  the  beam  axis  at  {x,y)  =  (0,0),  s  =  j3bCt 
is  the  axial  distance,  5'(s)  =  {dBl/dy)o  is  the  quadrupole  field  gradient,  and  S  is  the 
axial  periodicity  length  of  the  quadrupole  magnetic  field. 

In  the  present  test-particle  model  for  the  beam,  we  assume  that  the  beam  density 
profile  transverse  to  the  propagation  direction  is  given  by 


nb{x,y,s) 


fib  +  Shb  —  26hb^^  -t-  for  ^  -f-  ^  <  1, 

0,  otherwise. 


(2) 


In  Eq.  (2),  N  —  Trabhb  —  J  Ubdxdy  —  const,  is  the  number  of  ions  per  unit  axial  length. 
The  parameter  6%  is  a  measure  of  the  nonuniformity  in  the  beam  density  and  is  allowed 
to  be  in  the  range  —hb  <  6hb  <  0.  Note  that  for  6hb  <  0,  the  density  peaks  at  the 
elliptical  beam  envelope  defined  by  x'^/a^  -1-  =  1. 

In  the  paraxial  approximation,  the  transverse  equations  of  motion  for  an  individual 
test  particle  can  be  expressed  as  [1] 


d?x 


-f  K,(5)a;  -f 


q  d 


dx 


4>{x,y,s)  =  0, 


(3) 


<£y_ 

ds2 


K.q{s)y  + 


q  9 

dy 


(t){x,y,s)  =0. 


(4) 


In  Eqs.  (3)  and  (4),  Kq{s)  =  qB'^{s)/%/3bmc^;  q,  m,  and  7;,  are  the  ion  charge,  rest  mass, 
and  relativistic  mass  factor,  respectively;  c  is  the  speed  of  light  in  vacuo;  and  (p{x,y,s) 
and  Pb(l>{x,y,s)ez  are  the  electrostatic  and  vector  potentials  associated  with  the  space 
charge  and  current  of  the  intense  ion  beam,  which  have  been  determined  analytically  [1] 
for  the  beam  density  profile  defined  in  Eq.  (2).  For  simplicity,  we  choose  K,g{s)  as  the 
periodic  step  function  defined  by 


Kqo,  for  0  <  s/S  <  ri/A, 

0,  for  77/4  <  s/5  <  (2  —  7j)/4, 

-  HqQ,  for  (2 -r/)/4  <  s/5  <  (2 -I- 77)74, 
0,  for  1  —  77/4  <  s/5  <  1, 


(5) 


where  k,(s  -f-  5)  =  7c,(s),  and  77  is  the  filling  factor. 

Following  Sacherer  [3],  the  periodic  envelope  functions,  a(s-|-5)  =  a(s)  and  f)(s  +  5)  = 
6(s),  can  be  determined  from 


^  2gK  {Age,f 


=  0, 


(6) 


ds2 


-  Kq{s)b  - 


2gK 
a  +  b 


0 


(7) 


Here,  K  =  2q^N/^l3b'm(?  is  the  normalized  beam  perveance,  p  =  (1  —  36hb/nb)~^,  e®  = 
{{x^){x''^)  —  {xx'Yy/'^  and  €y  =  {{y'^){y'^)  —  are  the  unnormalized  RMS  beam 

emittances  in  the  x-  and  y-directions,  respectively,  and  ~  dxjds.  Both  and  Cy  are 
taken  to  be  constant  in  the  model. 
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Figure  1:  Poincare  surface-of-section  plot  in  phase  space  for  41  test  particles  in  a 

nonuniform  density  beam.  Here,  the  choice  of  system  parameters  corresponds  to  <Jo  ==  70  , 
7/  0.5,  =  16,  ==  e^,  and  bh^jh^  -  -0.2.  The  vertical  axis  is  scaled  by  the 

dimensionless  quantity  . 


Finally,  we  specify  the  initial  conditions  for  the  test  particles  at  s  —  0  according  to 
the  distribution  function 


h(x,y,x' ,v' =  0)  =  +  +  S(x')6{y'). 

(8) 


Here,  SN  —■  nabSht,',  6{x)  is  the  Dirac  6-function;  H{x)  is  defined  by  H{x)  —  1,  for 
0  <  a:  <  1,  and  H{x)  =  0  otherwise;  and  W  is  defined  by 


x"^  Ag  —  Z 

W  = - h  —  -I-  — - 

a?  16^2 


'  *1  l2 


+ 


6V' 


(9) 


It  is  readily  shown  from  Eq.  (8)  that  nb{x,y,s  —  0)  —  J  fbdx'dy'  is  consistent  with  Eq.  (2). 
Note  that  the  maximum  value  of  W  for  the  test  particles  is  equal  to  unity  at  s  =  0  for 
the  choice  of  distribution  function  fb  in  Eq.  (8). 


3.  RESULTS 


It  is  evident  that  there  is  a  large  parameter  space  in  which  the  beam  dynamics  can 
be  investigated.  The  primary  emphasis  of  this  paper  is  to  compare  the  present  halo 
theory  with  recent  experimental  observations  of  halos  around  a  space-charge-dominated 
potassium  (K+)  beam  in  the  2-MV  Heavy  Ion  Beam  Injector  Experiment  at  the  LBNL. 
Because  electrostatic  quadrupoles  are  used  to  focus  the  beam  transversely  and  to  accel¬ 
erate  the  beam  longitudinally  in  the  experiment,  the  comparisons  below  are  meant  to  be 
qualitative. 

Figure  1  shows  the  overall  phase  space  structure  as  a  Poincare  surface-of-section  plot  [4] 
in  {x^x'')  phase  space  for  a  nonuniform  density  beam.  The  choice  of  system  parameters  in 
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Fig.  1  corresponds  to  vacuum  phase  advance  (Jq  =  70°,  rj  =  0.5,  SKfAe^  =  16,  =  e^,  and 

dhb/hb  =  —0.2,  which  is  a  good  representative  of  the  beam  in  the  LBNL  experiment 

[2].  In  the  experiment,  the  physical  parameters  are:  S  =  0.8  m,  ctq  =  70°,  h  =  0.79  A,  and 
=  0.6  X  10“®  m-rad;  and  the  potassium  ions  are  accelerated  from  1  to  2  MeV  with 
4  electrostatic  quaduroples  (i.e.,  2  lattice  periods).  Shown  in  Fig.  1  are  the  trajectories  of 
41  particles  as  they  pass  through  the  lattice  points  at  s  =  0,  S',  2S,  •  •  • ,  400S.  The  initial 
conditions  for  these  particles  are:  a:(0)/o(0)  =  O.ln,  y(0)  =  0,  and  rc'(O)  =  ^'(0)  =  0,  where 
^  =  0,  ±1,  •  •  • ,  ±20.  Note  that  for  ?/(0)  =  0  =  y'(0),  the  motion  in  {x,x')  phase  space 
is  decoupled  completely  from  that  in  {y,y')  phase  space.  In  Fig.  1,  there  are  two  stable 
period-one  orbits  near  the  edge  of  the  beam  at  {x,x')  =  (±a,  0).  These  stable  period- 
one  orbits  are  accompanied  by  two  unstable  period-one  orbits  located  approximately  at 
{x,x')  =  (±0.9o,0).  It  is  the  chaotic  separatrix  associated  with  the  unstable  period-one 
orbits  that  is  responsible  for  particle  escape  from  the  beam  interior  to  form  a  halo. 

For  beam  propagation  through  several  lattice  periods,  the  Kolmogorov- Arnold-Moser 
(KAM)  surface  [4]  at  (a:,  0)  =  (±1.42a,  0)  is  expected  to  determine  the  halo  size.  There¬ 
fore,  the  halo  size  in  the  rr-direction  is  estimated  to  be  a^j^^lo  ~  l-42a,  which  is  in  good 
agreement  with  the  measured  halo  size  a^j^^lo  ~  [2]-  Detailed  numerical  studies  of 

the  beam  dynamics  with  the  initial  distribution  function  defined  in  Eq.  (8)  show  that 
a  relatively  small  fraction  (4%)  of  the  particles  in  the  beam  become  halo  particles  after 
five  lattice  periods,  and  the  experimental  measurements  indicate  that  about  2%  of  the 
particles  become  halo  particles  in  one  lattice  period. 

4.  CONCLUSIONS 

It  has  been  shown  that  charge  density  nonuniformities  can  cause  halos  to  develop 
around  intense  ion  beams  propagating  through  a  periodic  quadrupole  magnetic  field.  Halo 
formation  has  been  attributed  to  chaotic  particle  motion  induced  by  the  nonlinearities 
in  the  self-electric  and  self-magnetic  fields  associated  with  the  beam  space-charge  and 
current.  For  the  parameter  regime  investigated,  it  is  found  that  a  halo  develops  once 
the  beam  has  propagated  through  a  few  periods  of  the  focusing  lattice.  Good  agreement 
is  found  between  the  halo  theory  and  the  measurements  of  halos  around  a  potassium 
(K"*")  beam  in  the  2-MV  Heavy  Ion  Beam  Injector  Experiment  at  the  LBNL.  Because 
only  a  small  fraction  of  the  beam  particles  become  halo  particles,  this  mechanism  for  halo 
formation  is  likely  to  persist  even  when  the  beam  is  RMS-matched  into  a  periodic  focusing 
channel. 
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ABSTRACT  ,  ^  ^ 

We  have  developed  a  new  equivalent  circuit  model  for  space  charge  dominate 
MITSaSeSly  Insulated  Transmission  Lines).  MlTLs  under  high  power 
opeiiiOT  Te  dominated  with  space  charge  current  flowing  between  anode  and 
c^ode  Conventinal  equivalent  circuit  model  does  not  account  for  space  charge 
effects  on  power  flow.  To  discuss  the  power  transportation  through  the  high  power 
modified  the  model.  With  this  model  we  can 
space  charge  current  on  the  power  flow  efficiency,  without  using  complicated  particle 

code  simulations. 


1.  DEVELOPMENT  OF  THE  MODEL 
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Ic :  critical  current 


In  our  modeling,  as  shown 
schematically  in  Fig.l,  once  magnetic 
insulation  is  established  (I>Ic),  the 
equivalent  circuit  is  replaced  by  modified 
circuit  that  has  space  charge  current  path. 
Here,  Icis  the  critical  current  and  G  is 
the  conductance  of  space  charge  limited 
current  flows  across  the  vacuum  gap 
when  the  insulation  is  not  achieved. 

To  determine  Ic,  L,  M  and  C 
analytically,  we  use  laminer  flow  theory 
of  space  charge  flow[l].  It  assumes  that 
electrons  move  in  straight  trajectories 
normal  to  the  electric  and  magnetic  field 
and  parallel  to  the  axis.  In  this  theory, 
solutions  for  potential,  charge  desity 
distribution,  and  fraction  of  the  cuirent 
carried  by  the  space  charge  are  obtained 
self-consistently  as  follows. 


Fig.l  Modified  Equivalent  Circuit  of  MITL 
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Here  I  is  the  total  (anode)  current,  Vo  is  the  anode  potential,  Vm  is  the  potential  at  the  edge  of 
the  electron  sheath,  and  Ym  is  the  ratio  of  total  (anode)  current  I  and  conduction  (boundary) 

current  Ib  on  the  cathode.  When  the  solutions  for  Ym  of  equation  (1)  are  not  existing,  we  regard 
as  the  magnetic  insulation  is  not  achieved  and  the  minimum  value  (for  V)  of  right  side  of 
equation  (1)  is  chosen  for  lc.The  distributing  profile  of  space  charge  flow  is  assumed  as. 


Fig. 2  Cross  section  of  cylindrical  MITL 


z(r)  =  ^cosh 

I  m 


i^IaY 
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(5) 


where  r  is  coodinate  of  radial  direction  in  the 
cylindrical  MITL,  rc  and  ra  is  radius  of  the 
cathode  and  anode(Fig.2),  i(r)  represents  the 
current  enclosed  with  the  cylinder  of  radius  r. 
The  outer  radius  of  space  charge  layer  is 
expressed  as 


r^  =  exp 


In  r 


Yo-Ym  IaY„ 
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(6) 


With  these  functions,  effective  inductance  Lc, 
Ls  and  mutual  inductance  M  can  be  calculated 
analytically,  as  follows, 

2jt 


L 

'  2k 


2k  I,  2jir 
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1  ; 

o 

2jtr 

(8) 

2jir 

(9) 

where.  Is  is  the  space  charge  current:  Is  =  I  -  Ib  =  (1-1/yJI,  and  /  is  the  length  of  one  unit  of  the 
equivalent  circuit. 

The  calculation  of  effective  capacitance  Ca  and  Cc  depends  on  some  assumptions.  At  first, 
we  must  derive  the  expression  for  capasitance  dC  at  radius  r  and  gap  distance  dr. 
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IkeqI  r 
dr 


(10) 


If  the  currents  flowing  in  the  next  unit  are  primed,  the  current  flowing  this  capasitance  is  i(r)- 
i'(r).  Using  this  current  and  an  assumption  of  the  square  pulse,  the  voltage  between  the  edge  of 
electron  sheath  and  the  cathode  surface  is 


For  simplicity^  we  assume  that  the  ratio  i(r) 
is  calculated  from  the  next  eq. 


(11) 

(12) 

(13) 

Ib  is  nearly  equals  that  of  i'(r)  and  I'b,  and  Cc 


1  _  Vn. 
Cc  (h-h) 
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2ns  d 


iir)dr  ll^ 


The  capasitance  of  the  vacuum  region  is  obtained  by 


(14) 


InSol 


(15) 


The  resistance  R  is  electrode  resistance  when  skin  depth  is  about  10'^  m  . 

The  conductance  G  of  space  charge  limited  current  is  usually  the  product  of  four  functions(16). 
They  are  a  space-charge-limited  Langmuir-Child  conductance  Gctwhich  depends  on  voltage 
and  geometry(17),  an  electric  field  dependent  function  fl  accounting  for  emission  tum-on,  a 
smooth  function  of  current  f2  which  is  1  for  zero  current  and  drops  to  0  when  I  >  L ,  and 
correction  function  f3  for  relativistic  effects.  Generally  to  say,  the  choice  of  these  functions  f  is 
arbitrary.  In  this  report,  we  chose  fl,  f3  =  1  for  simplicity. 


G=GcJ,hh 
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XL 


9(ra-rc)" 
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2.  RESULTS 

Fig.3(a),(b)are  comparisons  of  simulation  results  between  the  equivalent  circuit  calculation 
and  the  PIC  simulation  and  the  How  Impedance  model  [2].  As  shown  in  Fig.3(a),  the  effective 
impedance  (V/I)  is  reduced  to  about  80%  of  wave  impedance  by  taking  account  of  space  charge 
current[3]  .  Because  the  calculations  of  PIC  and  the  How  Impedance  model  are  for  positive 
polarity,  they  are  not  strict  comparison,  but  qualitative  characteristics  are  fairly  expressed  with 
our  model.  With  some  modifications,  our  model  can  treat  positive  polarity. 
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Fig. 3  (a)The  model  and  (b)  PlC(dashed)  and  Flow  Impedance  model(solid)  caluculations  for 
a  step  voltage  in  a  24.30,  2m  long  MITL. 


-  1026  - 


CONTRIBUTED  PAPERS  P-4 


Astrophysics 

Beam  and  Plasma  Diagnostics 
Inertial  Confinement  Fusion 
Ion  Beam  Physics 
Ion  Diodes 
Ion  Rings 
Ion  Sources 

Plasma  Opening  Switches 
Solid  State  Opening  Switches 


Targets 


P-4-1 
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1  Introduction 

New  applications  of  space  tethers  are  discussed  in  relation  with  the  idea  [1]  of  an  active 
experiment,  in  the  Earth’s  radiation  belts.  Two  long  (about  10  km  long  each)  strings  of 
radius  r^  ~  1mm  made  from  cevlar  and  coated  with  a  highly  conducting  material  are 
supposed  to  be  tethered  in  opposite  directions  between  the  main  satellite  and  two  small 
subsatellites,  flying  through  the  ERB  in  equatorial  plane.  High  potential  diiference  4>p 
1  MV  is  applied  between  the  tethers,  by  means  of  a  compact  high  voltage  generator  carried 
by  the  main  satellite.  The  tethers  can  effectively  scatter  the  high  energy  particles  into  loss 
cone,  providing  a  control  of  particle  life  time  in  ERB.  This  high-voltage  satellite  system  can 
be  used  for  precipitation  of  charge  particles  from  man-made  radiation  belts,  affecting  the 
ozone  layer  depletion  and  other  active  experiments  in  space  such  as  ARAKS,  CRRES,  etc.. 
Electrodynamic  aspects  of  the  tethers  and  technical  requirements  for  the  generator  are  the 
subject  of  the  consideration  below. 


2  Structure  of  the  sheath  layer 

The  high  energy  particles  are  scattered  due  to  the  sheath  layer  formed  around  the  tethers 
by  relatively  cold  plasma  (n  ==  10^  T  =  100  eV)  existing  in  ERB.  The  problem  of 

evaluation  of  the  potential  profile  is  quite  similar  to  that  studied  in  the  standard  double 
Langmuir  probe  theory  [2].  Specific  feature  of  our  case  is  extremely  high  potential  of  the 
probe  p  e(f>p/kT  ~  lO'*  and  high  aspect  ratio  R  =  rjvp  ^  10®,  that  strongly  effects  on  the 
value  of  sheath  radius  (r,  ^  0.5  km)  and  current  collected  by  the  tethers.  Since  this  range 
of  parameters  is  not  widely  discussed  in  publications,  potential  and  current  calculations  are 
reproduced  below  by  making  use  of  some  rough  iteration  technics. 

With  high  voltage  applied  between  the  tethers  two  oppositely  charged  sheaths  are  formed 
around  the  strings.  Positively  charged  string  attracts  the  electrons  and,  correspondingly,  the 
area  around  it  is  negatively  charged,  while  the  ions  are  attracted  by  another  string,  which  is 
surrounded  by  positively  charged  layer.  In  stationary  state  electron  and  ion  currents  has  to 
be  equal  to  each  other.  Since  the  calculations  related  to  ion  and  electron  sheaths  are  quite 
similar,  we  will  focus  attention  on  the  ion  case  only. 

The  typical  ion  velocity  in  the  sheath  area  is  Vs  =  y2e(^p/m,-  ~  1.4  m/sec,  transit 
(bounce)  time  =  2rsfvs  ~  10"'*  sec,  Larmor  radius  is  large  enough,  r^  ~  100  km, 
that  allows  to  neglect  effect  of  magnetic  field  on  particle  motion.  Electrostatic  potential  is, 
therefore,  axisymmetric  with  respect  to  the  tethers  and  with  the  assumption  of  an  infinitely 
long  string  it  varies  along  r  only,  where  z  axis  of  the  cylindrical  reference  frame  (r,  a,  z)  is 
chosen  to  be  along  the  strings.  The  particle  dynamics  is  governed  by  the  integrals  of  energy 

^on  leave  from  Budker  Institute  of  Nuclear  Physics,  Novosibirsk,  630090,  Russia 
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Figure  1:  The  graphs  of  Uejj{M,  r)  (normalized  to  ecpp)  versus  In  r/vp  for  a  few  values  of  M.  The 
lower  curve  (M  =  0)  illustrates  a  typical  behavior  of  electrostatic  potential  in  sheath  area 


E  =  miV^f2  +  e(f){r)  and  angular  momentum  M  =  mur  sin  a.  With  the  help  of  conservation 
laws  3D  problem  of  particle  motion  is  reduced  to  ID  problem,  which  corresponds  to  the  radial 
motion  with  effective  potential  energy  t/e//(M,r)  =  M'^/2mr'^  +  e4){r).  Analyzing  graphs 
of  Ueff  illustrated  in  Fig.l,  one  can  classify  particles  in  accordance  with  their  integral  of 
motion  into  three  main  groups  -  locally  trapped,  absorbed  and  transit  ions. 

Ion  distribution  function  is  described  by  Vlasov-Maxwell  equation  with  boundary  condi¬ 
tion  at  r  — oo,  implying  that  particles  flying  toward  the  string  (ur  <  0)  have  a  Maxwell 
distribution  function:  /  =  /„,  =  noo{rn/2nkTf^^ exp{-mv'^/2kT),  and  boundary  condition 
on  the  string  surface  (r  =  Vp)  assuming  that  all  particles  reaching  this  surface  become  ab¬ 
sorbed  without  any  emission.  Then,  ion  current  density  and  ion  density  can  be  evaluated  by 
integration  of  distribution  function  over  the  relevant  region  in  velocity  space. 

The  critical  issue  of  ion  density  calculation  is  the  distribution  function  of  the  locally 
trapped  particles.  If  significant  amount  of  these  particles  is  accumulated  and  trapped  in  the 
sheath  area,  then  electrostatic  potential  turns  out  to  be  shielded  in  the  narrow  vicinity  of  the 
string  that  strongly  decreases  scattering  efficiency.  Because  of  this  reason  some  mechanism 
(AC  current  or  other  one)  for  removing  and  pumping  of  trapped  particles  has  to  be  provided. 
In  our  further  consideration  we  will  analyze  the  most  favorable  case  assuming  that  trapped 
particle  distribution  function  equals  to  zero. 

With  the  help  of  some  simplifications  based  on  the  fact  that  the  maximum  of  f4//  is  well 
localized  near  the  sheath  boundary,  I'max  ~  (see  Fig.l),  expression  for  ion  density  inside 
the  sheath  area  can  be  written  as  follows: 


n-(r)=. —  /  da  exp 

7T  Jq\ 


p<f>ir)sm^a  \  ,  r  /p  +  p<?^(r)(rVrp  sin^  aV 

I  -  ^  Ja:i  1  -  (rV^^) sin^ «  /. 

(1) 


where  ai  =  arcsin[rp/r],  az  —  arcsin[{r,lr)^\  —  4>[r)[B?  —  1)  ],  (j>{r)  is  a  potential,  nor¬ 
malized  to  4)p.  Since  electrons  are  strongly  repulsed  by  the  negatively  charged  tether,  their 
density  is  described  by  Boltzman  distribution:  ne(r)  =  noo  exp[— pij!>(r)].  Then,  Poisson’s 
equation  has  been  treated  numerically  yielding  potential  profile.  First  approximation  for 
^(r)  was  found  due  to  simplification  that  ion  density  is  a  const,  n{{r)  =  Hoo.  Making  use  of 
initial  condition  on  the  string  surface,  <?!>(rp)  =  1,  and  varying  initial  slope  at  this  point,  the 
sheath  radius  r,  has  been  evaluated  in  the  way  allowing  to  satisfy  with  two  other  conditions. 


4>{r,)  -  d<p{r,)ldr  =  0. 

The  profile  obtained  is  then  substituted  into  (1)  to  calculate  corrected  dependence  n,(r). 
Corrected  function  turns  out  to  be  const  (n,-  =  noo)  everywhere,  except  narrow  vicinity 
of  the  string  (  0  <  ln(r/rp)  <  5),  where  ion  density  gradually  decreases  reaching  value 
n(rp)  =  nco/2  on  string  surface.  Since  this  area  makes  small  contribution  in  r.h.s.  of 
Poisson’s  equation,  second  iteration  for  4>{r)  proved  to  be  close  to  the  first  one,  shown  in 
Fig.l.  With  the  accuracy  needed  for  the  treatment  of  the  scattering  problem  this  function 
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<j>p,  MV 

0.1 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

km 

0.10 

0.24 

0.31 

0.38 

0,46 

0.50 

0.54 

J,  10-^A 

1.4 

3.2 

4.5 

5.5 

6.4 

7.2 

7.8 

P,kW 

0.14 

1.60 

4.50 

8.25 

12.8 

18.0 

23.4 

Table  1:  The  dependences  of  sheath  radius  collected  current  (L  =  10  fcm),  and  electrical 
power  on  applied  potential  difference 


can  be  approximated  as  follows: 


(f>p[{\n{r/rp)/\nR) -1]  r  <  r, 
0  r  >r. 


(2) 


Calculations  of  ion  current  density  are  not  sensitive  to  the  locally  trapped  particles. 
Evaluating  corresponding  integrals,  one  obtains: 


Jr  =  no 


2kT\ 

irrrii ) 


1/2 


/CO  fpf^  \ 

e\^[—x^)dx  +  R  J  x'^  exp{—x'^)dx  j 


(3) 


In  the  case  of  practical  interest,  p  >  1,  i?  >  1,  expression  (3)  can  be  simplified  yielding  total 
current  collected  by  the  negative  tether:  J,-  =  2encorpL(2e(/>p/m,)^/^.  Similar  expression 
for  electron  current  is  inversely  proportional  to  Equating  electron  and  ion  currents 

yields  potential  of  the  strings  with  respect  to  infinity:  =  <5^p/(I  +  ^i/^e)  ^  ^00  K  = 

^p/{l  +  rrie/mi)  (f)p,  showing  that  only  negative  string  can  effectively  scatter  high  energy 
component.  The  summary  of  the  results  related  to  electrical  characteristics  of  the  tethers  is 
given  in  Table  1. 


3  The  scattering  of  high  energy  particles 

Because  the  scattering  angle  of  high  energy  particles  caused  by  their  collisions  with  the 
sheath  layer  is  small,  Fokker-Planck  equation  can  be  used  for  the  treatment  of  particle  losses 
from  ERB.  In  the  reference  frame  (x,y,z)y  z  axis  is  supposed  to  be  along  magnetic  field 
while  the  string  is  oriented  along  y  axis.  During  a  process  of  scattering  the  absolute  value 
of  perpendicular  velocity,  v±  =  VxCx  +  and  the  value  of  Vy  are  conserved.  Then,  the 
increment  of  ux  is:  |At;x|  =  2uxsin(a/2),  where  a  is  the  scattering  angle  in  xz  plane.  With 
the  help  of  (2)  a  is  found  to  be  the  following  function  of  impact  parameter  p\ 

a  =  arctan  y/r'^Jp^  -  1  (4) 

mu In  ii  ^ 

In  order  to  find  the  rate  of  diffusion  into  the  loss  cone,  9  component  of  velocity  increment 
Ave  =  2  sin  I  cos  v?  is  analyzed,  where  0  is  a  pitch  angle,  (p  is  azimuthal  angle  in  a  spherical 
reference  frame.  To  evaluate  average  moment  <  A6^  >=<  Avq^  >  /u^,  which  defines 
the  rate  of  losses,  we  take  into  account  many  microcollisions  of  test  particle  with  the  string, 
resulting  from  it’s  bounce  motion  along  field  lines  and  slow  revolution  of  satellite  in  equatorial 
plane.  Then,  averaging  can  be  done  by  means  of  integration  over  p  (—ra  <  <  r^),  while  u, 

6  and  sine/?  =  xjri  are  fixed,  where  a:  is  a  coordinate  of  guiding  center,  vl  =  mvsinO j eB  is 
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km 

protons 

protons 
Eg,  MeV 

protons 

qtotai{sec~^) 

electrons 
Aio„  {sec-^) 

electrons 
Eg,  MeV 

electrons 

2000 

4.3  X  lO'" 

64.2 

1.8  X  10“ 

2.5  X  10“ 

0.28 

1.4  X  10“ 

6000 

9.9  X  10“ 

17.7 

3.1  X  10“ 

1.2  X  10“ 

0.22 

3.7  X  10'^ 

10000 

7.8  X  10^= 

1.0 

2.5  X  10“ 

2.3  X  10“ 

0.3 

1.5  X  10“ 

20000 

1.9  X  10“ 

0.25 

8.0  X  10“ 

9.1  X  10“ 

0.57 

2.5  X  10“ 

Table  2:  The  characteristics  of  the  distribution  functions  of  loss-fluxes  for  the  different 
radiation  belts  [  (j>p  =  I  MV^L  =  10  =  0.32  km) 


a  Larmor  radius. 

<  >=4(7r-2); 


Li\v 


2e(f)p 


1  -  {xyrD 


2nri,l  (27rRs)  \mv^\nR/  lv\)s\x)?  6^ 


(5) 


Here  /  is  a  length  of  magnetic  field  line,  is  a  radius  of  satellite  orbit. 

Making  use  of  Fokker-Planck  ecjuation  the  rate  of  particle  losses  from  ERB  has  been 
evaluated.  It  results  in  the  energy  distributions  of  loss-fluxes,  which  represent  the  number 
of  particles  escaping  from  ERB  per  unit  time  and  having  energies  greater  than  E.  The 
fluxes  are  averaged  over  the  time  interval  which  is  much  longer  then  the  period  of  satellite 
revolution  over  the  Earth.  They  are  also  integrated  over  the  area,  thus,  giving  the  rate  of 
total  amount  of  particles  falling  down  to  the  Earth’s  surface.  Using  the  experimental  date 
obtained  through  the  measurements  of  the  fluxes  of  trapped  particles  in  radiation  belts, 
yields  the  tail  of  distribution  function  of  escaping  particles: 

^(>  E)  =  Atoss{Eo/Ef  exp{-Ef  Eg)  (6) 

at 

where  factors  Eg  and  are  given  in  Table.2.  Note  that  in  the  case  of  proton  belt  localized 
at  the  altitude  H  =  10000  km  the  distribution  function  (6)  turns  out  to  be:  Aioss{Eg/E)^'^. 


4  Conclusion 

The  above  calculations  show  that  the  loss  i'&te  dN{E)/dt  depends  on  the  distribution  function 
of  the  trapped  particles  and  applied  potential  difference.  This  allows  to  use  the  scattering 
center  for  the  measurements  of  high  energy  particle  distribution  function.  If  potential  differ¬ 
ence  can  be  varied  in  a  wide  range,  both  cold  plasma  and  high  energy  particles  parameters 
can  be  measured  with  the  same  space  tethers  used  as  a  diagnostic  probe.  For  this  purpose 
tunable  high-voltage  0.1  MV  ^  ^  2  MV,  low  power  0.1  KW  ^  F  ^  10  KW,  compact 

(weight  <  1  T)  DC  generator  is  needed.  Some  other  opportunities  appear  in  AC  case. 
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Abstract 

The  type  U(N)  radio  burst  observed  at  February  23,  1993  is  presented.  Using  a 
1-D  test  particle  model,  this  radio  burst  is  modeled  as  an  electron  beam  propagating  in 
a  large  coronal  loop.  For  modeling  of  transport  processes  Coulomb  collisions,  mirroring 
of  electrons  in  the  loop  magnetic  field,  and  scattering  in  zones  of  enhanced  whistler  wave 
turbulence  are  taken  into  account.  In  the  model  electrons  are  injected  upwards  along 
the  loop  axis  in  one  leg.  In  the  zone  of  whistler  turbulence  near  the  loop  top  the  original 
beam  is  splitted  up  into  two  beams  propagating  from  the  top  back  and  forward  into  both 
loop  legs.  It  explains  two  widely  separated  radio  sources  observed  during  the  descending 
branch  of  U  burst  spectra. 

Introduction 

During  the  flare  process  electron  beams  travel  along  open  as  well  as  along  closed 
magnetic  field  lines  and  they  generate  type  III  or  type  U  bursts  in  the  radio  spectra  [1]. 
Type  U  bursts  consist  of  a  type  III  like  rising  branch  that  turns  over  into  a  descending 
(reverse  drift)  branch.  Occasionally  a  type  U  burst  is  followed  by  a  new  rising  branch, 
forming  a  burst  spectrum  reminding  the  letter  ”N”.  Such  bursts  are  called  type 
U(N)  bursts  [2].  All  these  radio  bursts  provide  a  diagnostic  tool  for  studying  particle 
acceleration,  injection  and  propagation  in  the  solar  corona. 

Observations  of  the  February  23,  1993  U(N)  type  radio  burst 

Figure  lA  shows  the  type  U(N)  burst  spectrum  (spectrometer  of  the  Observatory  of 
Solar  Radioastronomy  of  the  Astrophysikalisches  Institut  Potsdam  in  Tremsdorf)  starting 
18  min  after  a  subflare  in  NOAA  AR  7433  (N12  E40,  Solar  Geophysical  Data).  The  main 
features  of  the  radio  source  configuration  are  shown  in  the  one-dimensional  scans  and 
the  flux  curves  of  the  different  subsources  given  in  Figure  IB  (Nangay  multifrequency 
radio  heliograph  of  the  Paris-Meudon  Observatory,  NRH).  The  gross  source  site  pattern 
confirms  the  model  of  an  electron  beam  propagating  in  a  closed  coronal  loop:  a  brightening 
at  a  given  site  (the  leg  into  which  the  beam  is  injected)  during  the  rising  branch  in  the 
spectrum  (U^p  in  Figure  IB)  followed  by  a  remote  brightening  during  the  descending 
branch  in  the  spectrum  {Udown  in  Figure  IB).  The  time  difference  between  ascending  and 
descending  branches  of  the  U  burst  at  236.6  MHz  is  2.7  s.  The  N  branch  of  the  spectrum 
(N  in  Figure  1)  occurs  nearly  at  the  site  of  the  descending  U  branch  source  with  4.2  s  time 
delay.  Note  that  the  N  branch  signature  is  more  diffuse  in  comparison  with  the  ascending 
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U  branch.  The  burst  sources  are  located  near  a  large  coronal  soft  X-ray  loop  rooted  in 
NOAA  .AR  7433.  For  details  and  further  examples  see  [7]. 

Looking  more  carefully  to  the  details  of  Figure  IB  some  additional  weak  sources 
become  visible  just  in  the  beginning  of  the  brightening  of  the  main  U  descending  and  N 
branch  sources.  These  faint  brightenings  are  situated  definitely  at  the  source  site  of  the 
rising  U  burst  branch,  this  means  near  the  beam  injection  site. 


i  1:33:05  ^  11:38:10  UT 

UT  on  23  Feb  1993 


Figure  1.  The  type  U(N)  solar  radio  burst  on  February  23,  1993  as  observed  by  the 
Tremsdorf  spectrometer  (Figure  A)  and  by  the  Nangay  multifrequency  radio  heliograph 
(Figure  B.  top  one-dimensional  scan  at  236.6  MHz;  bottom  the  flux  of  the  subsources  in 
arbitrary  units  (according  to  [7]).  Continous  line  -  ascending  U  burst  branch;  dashed 
line  -  descending  U  burst  branch;  dotted  line  -  N  burst  branch). 

Model 

For  modeling  of  this  observations  we  use  a  1-D  test  particle  model  [3],  in  which  the 
trajectories  of  numerical  electrons  are  computed  in  a  large  coronal  loop.  As  concerns  the 
energy  losses  and  the  pitch  angle  changes  of  individual  electrons  three  effects  are  taken 
into  consideration: 

1.  The  energy  losses  and  pitch  angle  scattering  of  electrons  due  to  Coulomb  collisions 
with  the  surrounding  plasma  are  calculated  by  a  Monte  Carlo  method  as  in  [4]. 

2.  Magnetic  mirroring  effects  are  included  similarly  as  in  [5]  considering  the  conservation 
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of  the  electron  magnetic  moment. 

3.  Scattering  at  a  zone  of  enhanced  whistler  turbulence  was  computed  by  Monte  Carlo 
method  as  suggested  in  [6].  We  compute  the  coefficients  of  Fokker-Plank  equation  in  the 
following  form: 


D 


_2^  .^7  _^\  ^ 

\mec^n  +  r  B  7M836/?/  ^ 


+  r  B  7^836/?, 


(1) 


^  Vm.c''n  +  l^ 


e,  2n  Pi 


(: 


+  r  5  7^836/?, 


-)"  ^)«ffn(/i)((n  -  1)(1  -  I  //  p  2  _2  I  ^  ^2) 


236  MHz 


236  MHz 


Figure  2.  The  numerical  simulation  of  the  February  23,  1993  U(N)  burst.  The 
trajectories  of  .20  numerical  electrons  in  the  distance  vs  time  (A)  and  the  frequency  vs 
time  (B)  plots  for  the  case  when  Coulomb  collisions,  mirroring  and  scattering  of  electrons 
at  whistler  turbulence  zone  near  the  loop  top  are  considered. 
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Now,  let  us  model  the  presented  observation.  The  length  of  the  semi-circular 
loop  is  estimated  to  about  1  solar  radius  from  radio  heliographic  and  YOHKOH 
observations.  Assuming  radio  emission  at  the  fundamental  of  the  plasma  frequency  the 
density  at  the  turning  point  of  the  loop  has  been  determined  from  the  U  burst  top 
frequency.  Considering  the  geometrical  and  density  aspects  we  build  the  density  model. 
In  varying  the  beam  and  the  loop  magnetic  field  parameters  we  fit  the  observed  radio 
data  (spectrogram,  radio  source  site  distribution,  and  timing)  with  our  model.  For  an 
initial  electron  velocity  of  10^°  cm  s~^,  and  a  plausible  loop  top  magnetic  field  of  B  = 
5  G  the  results  shown  in  Figure  2  are  derived.  Figure  2A  shows  the  trajectories  of  20 
representative  numerical  electrons.  Most  of  these  electrons  are  propagating  along  the 
loop  and  are  reflected  by  the  magnetic  mirror  on  the  opposite  side  of  the  loop.  These 
trajectories  correspond  to  the  gross  characterictics  of  the  observed  U(N)  radio  burst 
(Figure  1).  For  comparison  with  the  observed  radio  spectrum  (Figure  lA)  see  Figure 
2B  (the  synthetic  radio  spectrum).  To  explain  the  2  weak  subsources  observed  after 
the  rising  U  burst  branch  at  the  injection  site  of  the  loop  (Figure  IB)  we  consider  the 
whistler  turbulence  zone  with  an  energy  level  =  5  x  10“®  erg  cm-^.  In  the  present 
example,  the  whistler  turbulence  region  must  be  near  the  loop  top,  but  closer  to  the 
injection  site  as  follows  from  the  time  sequence  of  the  observed  subsources  (Figure 
IB).  As  evidenced  by  Figure  2A,  the  zone  of  whistler  turbulence  backscatters  some 
electrons.  The  backmoving  electrons  should  form  a  faint  reverse  diift  burst  (the  first 
weak  subsource;  ”1”  in  Figures  IB  and  2A),  some  of  these  electrons  are  mirrored  in  the 
injection  leg  of  the  loop  and  just  form  also  a  secondary  faint  N  burst  branch  (the  second 
weak  subsource,  ”2”  in  Figures  IB  and  2A).  In  the  spectrum  these  faint  additional  N 
branches  are  covered  by  the  stronger  main  U(N)  burst  spectral  signature. 

Conclusions 

1.  We  successfully  applied  our  model  to  the  U(N)  burst  observed  at  February  23,  1993. 

2.  Scattering  of  beam  electrons  at  a  zone  of  enhanced  whistler  wave  turbulence  near  the 
loop  top  is  important  for  understanding  the  observations.  Considering  this  scattering  we 
can  explain  the  remarkable  spatial  splitting  of  some  type  U  burst  radio  sources. 
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Abstract 

The  investigation  of  a  relativistic  electron  beam  dynamics  in  the  pulsar  magnetosphere 
is  given.  The  equation  of  motion  of  the  magnetospheric  plasma  particles  is  discussed. 
As  it  turned  out,  if  the  particle  radial  velocity  K-  >  c/y/2  (where  c  is  the  speed  of 
light),  centrifugal  acceleration  changes  its  sign  and  the  particle  braking  begins.  Also  the 
stability  of  the  magnetospheric  plasma  with  respect  to  the  radially  oriented  potential 
perturbations  is  discussed  and  the  possibility  of  the  electrostatic  field  generation  in  the 
pulsar  magnetosphere  plasma  along  the  magnetic  field  lines  is  shown. 

Introduction 

As  it  is  well  known,  pulsar  is  a  rotating  neutron  star  with  the  extremely  high  mag¬ 
netic  field,  about  10^^  —  10^^  G.  We  use  the  perpendicular  rotator  model  of  the  pulsar 
magnetosphere.  The  magnetic  field  lines  are  frozen  in  the  pulsar  so  they  rotate  together 
with  it  as  a  whole.  Because  of  the  rotation  of  the  star  together  with  its  magnetic  field  the 
electric  field  is  generated  which  has  the  nonzero  component  along  the  magnetic  field  lines. 
This  electric  field  ejects  the  particles  (most  of  scientists  think  that  these  particles  are  elec¬ 
trons)  from  the  pulsar  surface  and  accelerates  them  up  to  the  relativistic  velocities.  The 
particles,  moving  along  the  curved  magnetic  field  lines,  radiate  7-quanta  and  when  their 
energy  By  exceeds  electron’s  doubled  rest  energy  2mc^  {ey>2mc^),  7-quantum  decays  into 
an  electron-positron  pair.  This  pair  is  also  accelerated  in  the  electric  field  and  7-quanta 
appear  again  which  also  decay  into  the  electron-positron  pairs,  etc.  Because  of  this  cascad 
process  the  relativistic  electron-positron  plasma  is  formed  in  the  pulsar  magnetosphere. 
This  plasma  in  its  turn  screens  the  electric  field  generated  by  the  pulsar  rotation. 

We  assume  that  the  magnetic  field  lines  are  located  in  the  plane  which  is  perpendicular 
to  the  pulsar  rotation  axis.  We  also  assume  that  they  are  radial  straight  lines.  This 
assumption  is  justified  because  we  discuss  the  processes  in  the  magnetospheric  layer  the 
thickness  of  which  is  much  less  than  the  curvature  radius  of  the  magnetic  field  lines. 

As  we  have  mentioned  above,  the  particles  move  along  the  magnetic  field  lines  which 
are  frozen  in  the  pulsar  and  rotate  together  with  it,  thus  the  ’’solid-body  type”  rotation 
(corotation)  takes  place  in  the  pulsar  magnetosphere.  This  is  the  reason  of  the  strange 
dynamics  of  the  plasma  particles  in  the  pulsar  magnetosphere.  In  particular,  as  it  turned 
out,  if  the  plasma  particle  radial  velocity  K  >  c/\/2,  the  centifugal  force  changes  its 
sign  and  the  particle  braking  begins.  We  show  that  because  of  the  plasma  particle  bra¬ 
king  the  electrostatic  field  generation  along  the  magnetic  field  is  possible  in  the  pulsar 
magnetosphere. 
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Main  Consideration 

The  equation  of  the  motion  of  the  magnetospheric  plasma  particles  was  discussed  in  the 
paper  [1].  We  use  the  perpendicular  rotator  model  of  the  pulsar  magnetosphere  and  treat 
only  the  polar  cap.  The  magnetic  field  lines  are  considered  as  radial  straight  lines  located 
in  the  plane  which  is  perpendicular  to  the  pulsar  rotation  axis.  This  assumption  is  justified 
because  we  discuss  the  processes  in  the  magnetospheric  layer  the  thickness  of  which  is 
much  less  than  the  curvature  radius  of  the  magnetic  field  lines.  The  magnetospheric 
plasma  particles  move  along  the  pulsar  magnetic  field  lines  and  also  rotate  together  with 
them  because  the  field  lines  are  frozen  in  plasma.  The  electric  field,  generated  by  the  pulsar 
rotation  together  with  its  magnetic  field,  is  screened  by  the  magnetospheric  plasma. 

It  is  convenient  to  begin  the  discussion  of  the  plasma  particle  motion  in  the  noninertial 
frame  of  a  rotating  magnetic  field  line,which  is  described  by  the  metric 


dS^=—{l  —  Q,^r^)dt^+dr^,  (1) 

where  0  is  the  pulsar  rotation  frequency.  Here  and  below  we  use  so  called  geometric  units 
c  —  G  =  1. 

According  to  the  Einstein  principle  of  equivalence,  we  can  not  tell  gravitation  from 
noninertiality.  Thus  for  the  description  of  particle  motion  in  the  pulsar  magnetosphere 
the  3+1  formalism  can  be  used.  This  formalism  is  described  in  [2].  According  to  the  3+1 
formalism,  the  equation  of  motion  for  the  particle  with  the  mass  m  and  charge  e  has  the 
following  form  [2]: 

-^+(VV)p=-7^+^+  +  IVB]),  (2) 

a  at  am 

where  a  is  the  so  called  ’’lapse  function”  and  in  our  case  a  =  y/l  —  Here  and 

below  we  use  the  dimensionless  momentum  p  (p  is  changed  by  plm).  We  can  rewrite  the 
equation  (2)  for  the  quantities  defined  in  the  rest  inertial  frame: 

|E+(7V)p=-7aVa+-(i  +  [VB]).  (3) 

at  m 

Now  let  us  discuss  the  motion  of  the  plasma  particles  in  the  zeroth  approximation  of 
the  weak  turbulence.  In  the  limits  of  this  approximation  the  quantities  which  are  located 
in  the  equation  of  motion  can  be  presented  as: 


E=Eo+Ei,  B=Bo+Bi,  P-Po+Pi,  (4) 

where  Eq,  Bq  and  po  are  the  basic  terms  and  Ei,  Bi  and  pj  are  the  perturbations  in  the 
first  approximation  of  the  expansion  over  the  parameter  of  the  weak  turbulence.  The 
small  parameter  in  the  approximation  of  the  weak  turbulence  for  the  electron-positron 
plasma  is 


mnj 


<1. 


(5) 


From  the  equation  of  motion  in  the  zeroth  approximation  for  the  radial  acceleration 
one  can  obtain  (see  also  [3]): 


cPr 

dB 


1  -  ^2^2 
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-  -  2 
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(6) 
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The  equation  (6)  can  be  solved  exactly.  Using  Jacobian  function,  the  solution  can  be 
presented  in  the  form  [3]: 

VoiSnQ,t 
f]  dnQt  ’ 

where  Sn  and  dn  are  the  Jacobian  elliptical  sine  and  modulus  respectively  [4],  Vo,-  is 
the  particle  initial  velocity.  From  the  equation  (6)  it  follows  that  if  the  radial  velocity 
Vt  >  l/y/2,  the  acceleration  changes  its  sign  and  the  particle  is  not  accelerated  but  braked 
(see  also  [3]). 

In  the  case  Vo,-^l,  using  the  asymptotic  expression  for  the  Jacobian  function  one  can 
find  [3] : 


y  y 

For  the  radial  velocity  we  will  obtain: 


(8) 


from  which  it  follows  that 


Vor  =  VoiCOsflt, 


(9) 


Vo'^={Vor)^+{Vo^f=^const  (10) 

(because  of  the  corotation  Vq^  =  fir),  i.e.  no  energy  is  expending  on  the  particle  braking 
along  the  field  line,  the  radial  energy  transforms  to  the  transversal  one. 

As  it  was  shown  above,  the  relativistic  plasma  particles  are  braked  in  the  pulsar  mag¬ 
netosphere,  if  their  radial  velocity  Vr  >  l/\/2.  It  is  very  interesting  to  discuss  the  stability 
of  such  a  plasma  with  respect  to  the  radial  perturbations.  In  particular  we  discuss  the 
potential  perturbations  oriented  along  the  magnetic  field  lines.  The  initial  stage  of  the 
perturbation  development  can  be  described  by  the  equation  which  is  easy  to  obtain  from 
(3)  by  substituting  in  it  the  expansion  (4).  For  the  first  order  terms  one  can  obtain: 

%-+(UoV)pl=(Uopl)nV+eii.  (11) 

at 

In  order  to  eliminate  the  electric  field  Ei  from  the  equation  (11),  we  use  the  Poisson 
equation  and  the  continuity  equation  in  the  first  approximation  of  the  weak  turbulence. 
After  this,  making  the  spatial  Fourier  transformation  one  can  obtain  for  the  radial  per¬ 
turbations: 


dt 


n2 


+ikrVor 


Plr 


^  ~\~ikrVor 

at 


OJr, 


pirSin2Q,t — —pirSin^Clt, 

7o 


(12) 


where  u)p  is  the  plasma  frequency.  From  the  equation  (12)  we  will  obtain  the  dispersion 
relation  (see  in  detail  [5]): 


,  ,  2  L  2y  2 

270  2  ^  ^ 
We  know  that  Ei'^exp{—iu}t)  so  one  can  conclude  that  when  the  second  term  in  the  right 
hand  side  of  (13)  is  larger  than  the  first  term  the  aperiodic  instability  is  developing  in 
the  pulsar  magnetosphere,  i.e.  the  field  Ei  is  increasing  exponentially  along  the  magnetic 
field  lines. 
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The  condition  of  the  aperiodic  instability  development  can  be  written  in  the  following 
form: 


(14) 


where  Ir  is  the  charge  separation  scale  in  the  magnetospheric  plasma.  For  the  typical 
parameters  of  the  pulsar  magnetosphere  the  charge  separation  scale  at  the  light  cylinder 
(the  light  cylinder  is  the  surface  on  which  the  azimuthal  velocity  equals  to  the  speed  of 
light  =  Clr  =  c)  is  of  the  order  lO^sm. 


Conclusion 

At  the  end  let  us  discuss  the  possible  results  of  the  instability.  We  can  see  that  the 
plasma  motion  along  the  magnetic  field  lines  and  at  the  same  time  rotation  together  with 
them  (i.e.  corotation)  causes  the  generation  of  the  aperiodically  increasing  electrostatic 
field  under  the  condition  (14).  On  the  other  hand  it  is  selfevident  that  the  corotation  can 
not  take  place  on  the  arbitrary  distances  from  the  pulsar  surface  because  on  some  distance 
the  azimuthal  velocity  will  reach  the  speed  of  light  =  Ctr  =  c.  So,  the  corotation  must 
be  removed.  The  instability  which  was  discussed  above  can  contribute  to  the  process  of 
the  corotation  removing,  in  particular  the  increasing  electric  field  will  cause  the  additional 
braking  of  the  particles  of  one  sort  and  the  decreasing  of  the  braking  of  the  other  sort. 
This  fact  will  evidently  cause  the  motion  of  the  electrons  and  the  positrons  with  respect 
to  each  other,  i.e.  the  increasing  current  j  will  appeare.  So,  according  to  the  Maxwell 
equation  Airj^rotB,  the  magnetic  field  will  be  generated.  The  current  will  be  directed 
along  the  pulsar  magnetic  field  lines,  therefore  the  generated  magnetic  field  will  have  the 
azimuthal  component  5,^.  The  particles  move  along  the  field  lines  so  the  corotation  will 
be  removed.  The  electric  field,  i.e.  the  current  j  will  increase  until  the  corotation  law 
removal. 
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In  this  paper  we  present  experimental  results  on  the  generation  of  high  energy  ion/electron  beams 
generation  during  operation  of  microsecond/nanosecond  Plasma  Opening  Switch  (POS).  For  the 
nanosecond  POS,  a  coaxial  configuration  with  negatively  charged  central  electrode  was  used.  For 
the  microsecond  POS,  a  strip-line  geometry  was  investigated.  Different  arrays  of  magnetically 
insulated  Collimated  Faraday  Cups  (CFC)  were  used  to  observe  energetic  electron/ion  flows 
towards  the  anode/cathode  POS  electrodes  and  towards  the  load.  It  was  shown  that  in  both 
nanosecond  and  microsecond  cases,  high-energy  high  current  density  axial  ion  flows  are 
generated  downstream  towards  the  load  at  the  load  side  edge  of  the  plasma.  The  main  axial  ion 
acceleration  occurs  in  the  first  few  cm  downstream  with  respect  to  the  load  side  edge  of  the 
plasma  at  the  beginning  of  the  POS  opening.  Data  observed  by  the  anode  CFC  array  show  fast 
axial  propagation  of  a  radial  electron  flow  along  the  anode  electrode  towards  the  load  which  is 
accompanied  by  an  ion  flow  that  first  appears  at  the  generator  side  of  the  plasma. 

1.  Introduction 

The  generation  of  high  energy  ion/electron 
beams  during  POS  operation  may 
substantially  limit  the  efficiency  of  coupling 
inductively  stored  energy  to  a  load.  It  was 
shown  in  previous  research  that  during  the 
POS  operation  an  energetic  ion  flow  is 
generated  towards  the  cathode  electrode*.  In 
our  previous  study^  we  have  shown  that 
during  the  opening  of  the  coaxial  nanosecond 
POS  (NPOS)  with  positively  charged  central 
electrode,  a  high  energy  proton  flux  is 
accelerated  at  the  load  side  edge  of  the  plasma 
towards  the  short-circuit  end  of  the  inductive 
load.  Also,  some  preliminary  data  indicate  the 
existence  of  an  energetic  ion  flow  downstream 
to  the  load  during  the  opening  of  a 
microsecond  POS^  (MPOS).  In  this  paper  we 
present  experimental  results  on  energetic 
ion/electron  emission  from  the  plasma  in  a 
nanosecond  NPOS  with  a  negatively  charged 
central  electrode  and  a  MPOS  with  a  strip  line 
electrode  geometry. 


11.  Experimental  setup 

For  the  NPOS  experiment  we  have  used  a 
coaxial  anode  and  cathode  with  radii  of  2  cm 
and  4.5  cm,  respectively  (see  Fig.  1  a).  To 
prefill  the  NPOS  interelectrode  gap  by  the 
plasma,  a  flashboard  plasma  source  installed 
outside  of  the  anode  was  used.  The  NPOS  was 
powered  by  a  300  kV,  1  D,  90  ns  generator 
with  negative  polarity  output  pulse.  The 
NPOS  upstream  inductance  was  70  nH  and 
the  load  was  a  short  coaxial  line  with  an 
inductance  of  20  nH. 

Airay  of  CFC  to  me«ur« 
axially  moving  particlet  at 
dijEfcrtot  axial  positions 


Array  of  CFC  to  measttre 
radimly  movi^  particiei 
Bt  2  axial  poaitiona 


Array  of  CFC  to  measure 
axially  moving  particles 
at  3  radial  positions 


Fig.  1  a.  Nanosecond  POS  experimental  setup 
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The  MPOS  experiment  was  performed  using 
a  low  inductance  high  current  generator, 
Cg=2.8  |iF,  (Pg^5  kV,  Lg=25  nH.  This 
generator  supplies  a  current  pulse  with  an 
amplitude  of  up  to  200  kA  and  duration  of  750 
ns  quarter  period  to  a  planar  geometry  MPOS 
(see  Fig.  1  b).  The  MPOS  consists  of  a  strip 
line  which  has  a  14  cm  width  and  a  3.5  cm 
interelectrode  gap.  The  plasma  injection 
inside  the  MPOS  interelectrode  gap  was 
implemented  through  the  anode  slots  by  the 
use  of  a  flashboard  plasma  source  placed  6 
cm  above  the  anode  electrode.  The  upstream 
and  downstream  inductances  were  60  nH  and 
50  nH,  respectively. 


Upstream  Rogovski  Coil 

II 


Flashboai^ 

Anode  /| 
array  of  CFC/ 

Downstream 
Rogovski  Coil 


|— ^\^athode 
Axial 

array  of  CFC 


Cathode 
array  of  CFC 


Fig.  1  b.  The  setup  of  the  microsecond  POS. 
Electron/ion  emission  during  both  the  NPOS 
and  the  MPOS  operation  was  studied  by 
several  arrays  of  the  CFC  with  0.05  cm 
diameter  of  the  entrance  holes.  To  minimize 
plasma  prefilling  of  the  CFC,  a  60% 
transparent  mesh,  placed  0.2  cm  in  front  of 
collimating  holes  was  used.  To  measure  the 
ion  current  density  of  the  ion  flow  propagating 
in  the  axial  direction  towards  the  load,  4 
magnetically  insulated  CFC,  azimuthally 
separated  by  90°,  were  placed  at  the  center  of 
the  interelectrode  gap  of  the  NPOS  and  at 
different  distances  from  the  plasma.  To 
measure  axial  ion  flow  in  the  MPOS 
experiment  we  have  used  3  movable  arrays  of 
magnetically  insulated  CFC.  Each  array 
consists  of  4  CFC  placed  across  the  MPOS 


interelectrode  gap  with  0.7  cm  distance 
between  them.  The  distance  between  the 
arrays  in  the  "Y"  direction  was  4.5  cm. 
Measurements  of  an  electron/ion  flow  towards 
the  anode  electrode  were  done  by  arrays  of  6 
CFC  (  in  the  MPOS  experiment)  and  5  CFC 
(in  the  NPOS  experiment).  These  CFC  were 
separated  in  the  axial  direction  from  each 
other  by  4  cm  (MPOS  case)  and  by  1.1  cm 
(NPOS  case)  and  were  placed  instead  of  one 
of  the  anode  strips. 


III.  Experimental  data 
3.1  Nanosecond  POS 

We  have  observed  an  axial  flow  of  high 
energetic  ions  that  propagates  towards  the 
short  circuit  end  of  the  inductive  load.  The 
current  density  of  this  ion  beam  at  a  distance 
of  ~5  cm  from  the  load  side  edge  of  the 
plasma  reaches  1. 5+0.5  kA/cm^  with  a  pulse 
duration  of  10±4  ns  FWHM  (see  Fig.  2  a). 
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Fig.  2.  a.  Typical  traces  of  the  upstream  (IJ  and 
the  downstream  (I^)  currents  and  the  ion  beam 
current  density;  b.  TOF  measurements  of  axially 
moving  ions.  Z=0  *•  the  load  side  edge  of  the  plasma. 
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It  was  shown  by  Time  of  Flight  (TOF) 
measurements  that  the  main  axial  ion 
acceleration  occurs  downstream  the  POS 
plasma  within  a  few  cm  near  the  load  side 
edge  of  the  plasma  at  the  beginning  of  the 
NPOS  opening  (see  Fig.  2b).  Further  during 
their  propagation  ions  propagate  with  almost 
the  constant  velocities. 

This  axial  ion  acceleration  occurs  over  the 
entire  cross-section  of  the  POS  interelectrode 
gap  almost  simultaneously  (±3  ns)  at  all 
azimuthal  and  radial  positions.  Data  obtained 
by  CFG  without  magnets  show  that  in  front  of 
this  ion  beam  there  is  an  electron  beam  with  a 
duration  of  (8+3)  ns  at  FWHM  and  current 
density  of  tens  of  A/cm^.  The  short  duration 
of  the  ion  pulse  and  relatively  small  spread  of 
the  ion  beam  during  its  propagation,  indicate 
that  this  ion  beam  is  composed  mostly  of 
protons. 

Data  obtained  by  TOF  measurements 
show  that  the  energy  of  protons  depends  on 
the  duration  of  the  NPOS  opening  time  (see 
Fig.  3).  The  shorter  opening  time,  the  higher  is 
the  ion  energy  observed.  It  was  shown  by  the 
use  of  A1  foils  placed  in  front  of  the  CFG 
collimating  holes  that  the  energy  of  part  of 
protons  exceeds  1.15  MeV  but  is  less  than 
1.35  MeV,  which  is  in  good  agreement  with 
the  TOF  data.  For  POS  opening  times  less 
than  15  ns  almost  all  protons  have  energy  Ep> 
300  keV.  The  amount  of  protons  with  energy 
Ep>1.15  MeV  does  not  exceed  few  percent  of 


Fig.  3  Proton  energy  determined  from  TOF 
versus  the  POS  opening  time 


The  TOF  measurements  also  show  fast 
decrease  of  the  ion  current  density  with  the 
axial  distance  that  corresponds  to  an  ion  beam 
divergence  of  0(/2=17.5°  at  5cm^<8  cm  from 
the  load  side  edge  of  the  plasma  (see  Fig.  4). 


Fig.  4.  Scaling  of  an  average  ion  current 
density  versus  axial  distance  from 
the  load  side  edge  of  the  plasma. 


Taking  average  ion  current  density  at  Z=8  cm 
from  the  load  side  edge  of  the  plasma  to  be  jj= 
450  A/cm^,  the  average  proton  energy  to  be  ~ 
0.75  MeV,  the  pulse  duration  on  FWHM  to  be 
=5  ns,  and  the  ion  beam  cross-section  to  be  66 
cm^,  one  obtains  a  total  ion  current  of  =  30 
kA  with  energy  =110  J  and  power  density  = 
0.34  GW/cm-.  The  proton  density  in  such  an 
ion  bearii  is  =  3x10^^  cm‘^  with  a  total 
amount  of  protons  about  10^^. 

Data  observed  by  the  anode  array  of  GFG 
show  fast  (=1.5x10^  cm/s)  axial  penetration  of 
a  radial  electron  flow  along  the  anode 
electrode  in  the  direction  towards  the  load. 
The  shorter  NPOS  conduction  time,  the  faster 
is  the  penetration  velocity.  The  maximum 
radial  electron  current  density  was  observed  at 
the  load  side  edge  of  the  plasma  (see  Fig.  5). 

The  electron  flow  towards  the  anode 
electrode  is  followed  by  a  radial  ion  flow. 
This  radial  ion  emission  is  also  moving 
towards  the  load  side  edge  of  the  plasma  with 
a  velocity  =1.5x10^  cm/s.  It  was  shown  that 
ion  current  density  increases  towards  the  load 
and  reaches  several  hundreds  of  A/cm^,  at  the 
load  side  edge  of  the  plasma. 
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Fig.  5  Typical  signals  registered  by  CFG 
placed  at  different  axial  positions  along 
the  anode  electrode.  Here  Z=0  is  the 
generator  side  edge  of  the  plasma. 

3.2  Microsecond  POS 
Similarly  to  the  case  of  the  NPOS,  a  flow 
of  fast  ions  in  the  axial  direction  towards  the 
load  was  observed  (see  Fig.  6  a).  The  sharp 
rise  of  the  downstream  current  begins  only 
when  this  ion  flow  reaches  the  short  circuit 
end  of  the  load.  This  ion  flow  is  generated 
simultaneously  (±15  ns)  across  the  total  strip 
line  cross  section.  Data  observed  by  CFC 
without  magnets  show  that  the  ion  flow  is 
accompanied  by  co-moving  electrons,  and 
there  is  a  short  duration  electron  beam  which 
precedes  the  ion  flow.  Also  here,  the  main 
axial  acceleration  of  ions  takes  place  at  the 
load  side  of  the  plasma  (see  Fig.  6  b). 
However,  the  velocity  of  the  axially  moving 
ions  for  MPOS  conduction  times  >  350  ns  was 
3-4  times  smaller  than  the  ion  axial  velocity 
observed  in  the  NPOS  experiment.  By  varying 
the  MPOS  conduction  time  it  was  shown  that 
the  energy  of  the  fast  axially-moving  ions 
increases  with  the  decrease  of  the  MPOS 
conduction  time  (see  Fig.  7). 


downstream  (Id)  and  MPOS  (Ipos)  currents 
and  ion  current  density  measured  at 
different  distances  from  the  load  side 
edge  of  the  plasma;  b.  TOP  measurements 
of  an  axially  moving  ions. 


The  ion  current  density  and  the  pulse 
duration  of  this  axial  ion  flow  at  Z=7±2  cm 
from  the  generator  side  edge  of  the  plasma  are 
up  to  1  kA/cm^  and  30+10  ns,  respectively. 
We  found  out  that  this  axial  ion  flow  is 
focused  during  its  propagation  in  the  "Y" 
direction  and  has  a  maximum  ion  current 
density  in  the  "X"  direction  in  the  middle  of 
the  MPOS  interelectrode  gap  (see  Fig.  8). 
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-Fig.  7  Scaling  of  an  ion  velocity  versus 
MPOS  conduction  time 


The  divergence  of  the  ion  beam  in  the  "Y" 
and  in  the  "X"  directions  are  aY/2-1 1.5^±  2.5^ 
and  ax/2=3.6°±L2°,  respectively. 
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The  ion  current  density  decreases  by  a  factor  6 
at  a  distance  of  15  cm  from  the  load  side  edge 
of  the  plasma  which  corresponds  to  an  ion 
beam  divergence  of  (x/2=5°. 

X=1.8cm  Y=8.5  cm 

Conduction  time  470  ns  Conduction  time  400  ns 


Y=2  5  cm 


X=  0  7  cm 


Y=11.5  cn 


X=2.8  cm 


®  ^imeTtns] 

Fig.  8  ton  cument  density  at  different  "Y"  and  "X’  posi¬ 
tions  at  Z=14.  cm  from  the  load  side  edge  of  the  plasma. 

As  in  the  previous  research^  we  have 
observed  an  ion  flow  towards  the  cathode 
electrode  along  the  entire  plasma  length 
during  the  MPOS  conduction  and  opening 
phases.  The  ion  emission  towards  the  cathode 
electrode  began  within  50  ns  of  the 
application  of  the  upstream  current  pulse  at 
the  generator  side  edge  of  the  plasma.  The 
ion-emission-zone  axial  velocity  was  found  to 
be  (5±1.5)x107  cm/s. 

By  placing  the  array  of  the  magnetically 
insulated  CFC  inside  the  MPOS  plasma  at 
different  axial  positions  we  obtained  a  well 
defined  ion  flow  inside  the  entire  plasma.  This 
ion  flow  propagates  toward  the  load  side  edge 
of  the  plasma  during  the  MPOS  conduction 
(see  Fig.  9).  The  velocity  and  duration  of  this 
flow  is  ~(6±1.5)xl0^  cm/s  and  100  ns, 
respectively. 

As  for  the  NPOS  case,  data  obtained  by 
the  anode  array  of  CFC,  show  almost 
simultaneous  appearance  of  an  electron  flow 
towards  the  anode  electrode  along  the  entire 
length  of  the  plasma  (see  Fig.  10).  This 
electron  flow  has  a  peak  electron  current 
density  that  propagates  in  the  axial  direction 


Time  [ns] 

Rg.  9  Axial  ion  current  density  at  different  axial 
positions  with  respect  to  the  generator  side  edge 
of  the  plasma.  T=0  is  the  beginning  of  the  1^^. 
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Fig.  10  Electron/ion'sigrlafJ  obtained  by  the 
array  of  anode  CFC.  Conduction  time  -  500  ns. 
Z=0  is  the  generator  edge  side  of  the  plasma. 


with  a  velocity  of  -5x10^  cm/s,  which  is  the 
same  as  that  of  the  axially  moving  ions  at  this 
place.  The  peak  of  electron  current  density 
reaches  a  few  hundreds  of  AJcxr?  at  the  load 
edge  of  the  plasma  at  20±5  ns  prior  to  the 
beginning  of  the  downstream  current.  The 
electron  flow  towards  the  anode  electrode  is 
followed  by  a  radial  ion  flow  that  appears  first 
at  the  generator  side  of  the  plasma.  The  axial 
propagation  velocity  of  this  ion  flow  is  almost 
the  same  as  the  velocity  of  ions  axially 
moving  through  the  plasma. 

IV.  Discussion 

Observed  data  show  that  similar 
phenomena  occur  during  a  nanosecond  and  a 
microsecond  time  scale  POS,  independent  on 
its  geometry  and  current  pulse  polarity^  :  1. 
generation  of  axial  fast  ion  beam  moving 
towards  the  downstream  load  accompanied 
by  co-moving  electrons  at  time  which 
corresponds  to  the  POS  opening;  2.  Axial 
electron/ion  flows  towards  the  anode  electrode 
during  the  POS  conduction. 

The  phenomenon  of  an  energetic  ion  flow 
generation  at  the  load  side  edge  of  the  plasma 
in  the  direction  downstream  of  the  POS  is 
very  similar  to  what  was  obtained  in  early 
studies  of  coaxial  plasma  accelerators^.  These 
studies  have  showed  that  in  the  so-called 
"deflagration"  regime,  when  the  mean  free 
path  of  electrons  is  larger  than  the  plasma  gun 
interelectrode  gap,  ion  acceleration  occurs  at 
the  load  side  edge  of  the  plasma  when  the 
current  front  reaches  this  place.  At  this  time 
sharp  decrease  of  the  discharge  current  and  x- 
ray  fluxes  were  also  observed.  The  typical 
time  scale  and  the  plasma  density  used  in 
these  studies  were  -  lO'^s  and  ~ 
cm'^,  respectively.  Flows  of  ions  with  a 
density  about  10^^  cm"^  and  ion  energy  of  Ej 
>50  keV  were  registered.  A  radial  flow  of 
energetic  ions  towards  the  anode  electrode 
along  the  entire  plasma  length  was  also 
observed. 


Several  models^  were  suggested  to  explain 
the  observed  fast  particles  based  on  the  Hall 
field  development  in  the  current  sheath,  on 
thermal  expansion  of  the  hot  electron 
component  of  the  plasma,  and  on  certain 
plasma  instabilities  developed  in  the  current 
sheath. 

Recent  experiments^  on  the  Hawk  generator 
have  shown  large  energy  losses  between  the 
load  side  edge  of  the  plasma  and  the  load. 
Similar  results  was  obtained  on  the  ACE  4 
generator^  where  the  authors  suggested 
downstream  motion  of  a  current  carrying 
dilute  plasma  to  explain  fast  increase  of  the 
downstream  inductance.  The  same  results  are 
predicted  by  numeric  simulation  of  the  POS 
operation^  where  Hall  effect^*^  was  included. 
These  simulations  show  the  existence  of  an 
electron  flow  downstream  towards  the  load 
and  the  anode  electrode  as  the  POS  opens. 
Due  to  Hall  fields  associated  with  electron  Ex 
B  drift,  ions  at  the  load  side  edge  of  the 
plasma  are  accelerated  towards  the  load.  The 
same  simulations  predict  that  during  the  POS 
conduction  magnetic  field  penetrates  into  the 
plasma  accompanied  by  an  electron  current 
flow.  Large  electrostatic  fields  develop  inside 
the  plasma  behind  the  current  channel.  These 
electrostatic  fields  are  responsible  for  the  ion 
acceleration  out  of  the  plasma. 

Data  observed  in  the  present 
experiments  are  in  qualitative  agreement  with 
the  results  of  numeric  simulation  described 
above.  Indeed,  we  have  observed  well  defined 
radial  electron  flow  towards  the  anode 
electrode  which  propagates  towards  the  load 
side  edge  of  the  plasma  with  a  velocity  about 
1.5x10^  cm/s  and  0.5x10®  cm/s  for  the  NPOS 
and  the  MPOS,  respectively.  This  radial 
electron  flow  may  represent  the  electron  part 
of  the  current  flowing  through  the  plasma  in  a 
form  of  a  current  channel  which  propagates 
axially  towards  the  load  side  edge  of  the 
plasma.  The  maximum  electron  current 
density  on  the  anode  was  observed  at  the  load 
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side  edge  of  the  plasma,  which  is  consistent 
with  simulation  results^. 

We  have  observed  ion  emission  out  of 
plasma  during  the  MPOS  operation  in  three 
directions:  axially  towards  the  load  side  edge 
of  the  plasma  and  towards  the  anode  and 
cathode  electrodes.  We  suggest  that,  the 
observed  axially  directed  ion  flow  inside  the 
plasma,  which  has  the  same  axial  velocity  as 
that  of  the  electron  flow  along  the  anode, 
results  from  the  ion  acceleration  inside  the 
current  layer  by  Hall  polarization  fields. 

We  have  shown  that  the  electron  flows 
towards  the  anode  electrode  are  followed  by 
radial  ion  emission  which  may  occur  from  the 
positively  charged  plasma  regions  formed 
behind  the  current  layer.  The  velocity  of  the 
radial-ion-emission  propagation  along  the 
anode  is  consistent  with  the  axial  front 
velocity  of  the  ion  emission  towards  the 
cathode.  We  believe  that  these  ion  flows 
outside  the  plasma  can  significantly  decrease 
the  plasma  density  during  the  POS  conduction 
expected  to  contribute  to  gap  formation  at  the 
POS  opening. 

The  generation  of  energetic  ion  flow  in  the 
axial  direction,  with  the  main  acceleration 
occurring  at  the  load  side  of  the  plasma,  is 
also  consistent  with  the  results  of  early 
coaxial  plasma  gun  studies  and  that  was  of 
numerical  simulation.  In  fact,  in  both  NPOS 
and  MPOS  cases,  a  low  density  plasma  is 
present  at  the  load  side  edge  of  the  POS. 
Therefore,  it  is  reasonable  that  when  the 
current  layer  reaches  this  region,  a  high  Hall 
electric  field  is  developed,  causing  subsequent 
axial  ion  acceleration.  This  ion  flow  is 
accompanied  by  co-moving  electrons  and  may 
be  represented  as  a  dilute  plasma  flow  with  a 
density  about  SxlO^^cm'^  and  10 ^^cm'^  for 
the  NPOS  and  the  MPOS,  respectively.  We 
have  observed  that  the  sharp  rise  of  the 
downstream  current  occurs  only  when  the 
axial  ion  flow  reaches  the  short  circuit  end  of 
the  load.  This  may  indicate  that  in  the 
region  between  the 


load  side  edge  of  the  plasma  and  the  short 
circuit  end  of  the  load,  the  current  is  flowing 
through  this  dilute  plasma. 
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Abstract 

The  Michelson  carbon  oxide  laser  interferometer  for  measuring  a  plasma  density 
in  studies  on  REB-plasma  interaction  is  described.  A  detail  description  of  the  interfer¬ 
ometer  and  CO  laser  is  presented.  For  a  selection  of  a  single  wavelength  laser  operation 
the  CaF2  prism  is  applied.  A  Ge:Au  photoconductor  at  77“  K  is  applied  as  a  detector. 
The  CO  laser  radiation  at  X  =  5.34  pm  coincides  with  of  the  detector  maximum  sensitiv¬ 
ity  (of  the  order  of  1000  VAV)-  This  increases  the  interferometer  sensitivity  about  ten 
times  with  respect  to  the  He-Ne  laser  (f  =  3.39  pm)  used  as  a  source  of  light.  The  typical 
interferogram  and  time  evolution  of  a  plasma  density  obtained  at  GOL-M  device  are 
presented. 

Introduction 

An  interferometry  is  the  main  diagnostic  method  of  plasma  density  measure¬ 
ments  in  studies  of  the  REB-plasma  interaction.  The  range  of  the  studies  is  wide 
enough:  from  ne»  10'^  cm-^  up  to  ne»  310'5  cmA  The  Michelson  interferometers  with 
He-Ne  (Xi  =  1.15  pm,  7.2  =  3.39  pm)  and  CO2  (7.  =  10.6  pm)  lasers  are  used  for  a  long 
time  in  both  the  target  plasma  density  measurements  and  a  study  of  diode  plasma  be¬ 
haviour  [1,2,3].  The  CO2  laser  interferometer  was  mainly  used  at  small  phase  shifts.  In¬ 
terferometers  with  He-Ne  laser  are  applied  for  measurements  of  high  plasma  densities. 
The  Ge:Au  photoconductor  cooled  by  liquid  nitrogen  was  utilized  as  a  detector  in  all 
those  experiments. 

An  interferometer  sensitivity  is  defined  by  a  signal  to  noise  ratio.  At  the  first  ap¬ 
proximation,  it  is  proportional  to  the  maximum  of  the  interference  amplitude  /q 


(/  =  /q  cos' 


^)).  /q  is  proportional  to  a  laser  output  and  to  the  detector  spectral 


sensitivity.  The  Ge:Au  photoconductor  sensitivity  is  <10^  VAV  at  7,  =  3.39  pm  and  ~  1 
VAV  at  7.  =  10.6  pm. 
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In  spite  of  the  drop  of  the  detector  sensitivity  at  X  =  10.6  pm,  in  low  density  re¬ 
gion  we  have  obtained  the  interferometry  maximum  sensitivity  ~  lO-'*  of  interference 
fringe  using  the  powerful  CO2  laser.  Unfortunately,  the  power  of  the  typical  He-Ne  la¬ 
ser  is  less  than  10  mW.  As  a  result,  the  sensitivity  of  the  interferometer  with  He-Ne  laser 
was  only  of  the  order  of  10-^  of  interference  fringe. 

In  this  paper,  a  new  interferometer  with  the  carbon  oxide  (CO)  laser  (X, «  5.34  pm, 
P  ~  1  W)  as  a  sours  of  light  is  described.  A  wavelength  of  the  CO  laser  emission  practi¬ 
cally  coincides  with  the  maximum  of  the  Ge:Au  photoconductor  sensitivity  (~  1000 
VAV).  It  increases  of  the  interferometer  sensitivity  by  a  factor  of  ten. 

Arrangement 

The  interferometer  applied  for  a  measuring  a  plasma  density  at  the  GOL-M  device 
[4],  A  schematic  of  the  interferometer  and  it  arrangement  relative  to  the  solenoid  are 
shown  in  Fig.  1.  All  the  interferometer  components  are  fixed  on  the  massive  dielectric 

frame.  The 
beam  splitter 
and  windows  of 
the  plasma 
chamber  are 
made  of  BaF2. 
One  of  the  split¬ 
ter  surfaces  is 
covered  with  a 
dielectric  layer 
which  reflects 
about  50%  of 
radiation. 

Inside  the 
reference  arm, 
the  pressure 
chamber  is 

mounted  to  install  the  beginning  phase  of  the  interference  signal.  Windows  of  the 
chamber  are  also  made  of  BaF2. 

A  Ge:Au  photoconductor  at  77®  is  used  as  a  detector.  The  photoconductor  is 
mounted  in  the  copper  box  for  decreasing  of  electromagnetic  stray  pickup.  As  re¬ 
quired,  the  box  with  the  photoconductor  is  shielded  with  lead  to  reduce  an  influence  of 
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Fig.  1 .  The  layout  of  the  CO  laser  interferometer  at  the  GOL-M  device 


X-ray  radiation  on  the  Ge;Au  crystal.  The  lead  shield  thickness  is  about  5  cm.  The 
photoconductor  protection  of  this  kind  permit  us  to  get  interferograms  practically 
without  electric  stray  pickup.  A  frame  vibration  produced  by  a  pulsed  magnetic  field  is 
reduced  to  a  minimum  by  the  thorough  mounting  of  the  interferometer  on  the  device. 

We  used  a  commercially  available  sealed  CO  laser.  It  is  known  that  the  carbon 
oxide  laser  emits  a  radiation  within  a  broad  spectral  interval  from  5.3  pm  up  to  6.1  pm 
[5].  Its  coherence  length  L  =  =  4.6- 10-^  cm.  It  is  very  difficult  to  build  at  the 

large  scale  a  massive  interferometer  (a  length  of  arms  about  1.5  m)  whose  arms  would 

be  equal  one  to 
another  with 
accuracy  within 
10-3  cm.  Conse¬ 
quently,  prior  to 
obtain  the  nar¬ 
row  spectrum 
the  laser  was 
upgraded. 

In  order  to 
select  the  single 
laser  line  a  70® 

1  in  Fig.  3).  The 

prism  No.  2  applied  for  straightening  the  laser  beam  to  the  initial  direction.  A  single¬ 
wavelength  operation  of  the  laser  is  checked  by  the  interferometer.  The  power  of  coher¬ 
ence  of  laser  beam  is  y~l.  An  intensity  of  selected  line  (the  transition  P 5  X 

=  5.34  pm)  is  about  1  W. 

The  response  time  of  the  interferometer  is  determined  by  the  Ge:Au  detector, 
which  is  less  than  100  ns.  The  interferometer  can  operate  in  the  presence  of  significant 
pulse  magnetic  fields  and  hard  X-ray  radiation. 

Results  of  measurements 

The  plasma  density  measurements  by  the  interferometer  is  done  at  the  GOL-M  [4]. 
The  main  task  of  the  device  is  to  study  an  interaction  of  a  powerful  relativistic  electron 
beam  (REB)  (700  keV,  2-3  kA,  0  =1.7  cm,  t  =200  ns),  with  a  plasma  in  a  strong  mag¬ 
netic  field  of  the  mirror  type.  The  homogeneous  magnetic  field  is  Bhom=2.5  T  and  the 
mirror  field  is  Bmir=4.5  T. 


CaF2  prism  is  mounted  into  the  CO  laser  cavity  (the  prism  No. 
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The  target  plasma  (  ne~  10'*  cm  *,  Te«  1  eV,  Lpiasma=  250  cm,  0  =  8  cm)  is  pre¬ 
pared  by  pulse  discharge  in  hydrogen  with  pressure  Ph2»  2  Pa. 

The  typical 
interferogram  and 
a  time  evolution  of 
a  plasma  density 
are  shown  in  Fig.  3. 
To  our  estimation, 
the  minimum  re¬ 
corded  line  inte¬ 
grated  density  is 

n/  <  10'*cm-2.  It 

gives  the  interfer¬ 
ometer  sensitivity 
~10-*  of  interfer¬ 
ence  fringe. 


Conclusion 

Thus,  the  use  of  the  carbon  oxide  laser  with  GeiAu  photoconductor  improved  the 
sensitivity  of  the  interferometer  more  than  ten  times.  The  minimum  recorded  line  inte¬ 
grated  density  is  ~  5- 10'*  cm-*.  The  response  time  of  the  interferometer  is  deter¬ 
mined  by  the  Ge:Au  detector,  which  is  less  than  100  ns.  The  interferometer  can  be  oper¬ 
ated  in  the  presence  of  substantial  pulse  magnetic  fields  and  hard  X-ray  radiation. 

[1]  Ar2hannilcov  A.V.  et  al.  Proc.  3rd  Int.  Conf.  on  High  Power  Electron  and  Ion  Beam  Res.  and 
Tech.,  Novosibirsk,  1,  (1979),  29. 

[2]  Burmasov  V-S.  et  al.  Fizika  Plasmy,  12,  (1986),  435,  (in  Russian). 

[3]  Burmasov  V.S.  et  al.  IEEE  Trans.  Plasma  Sci.,  23,  (1995),  952. 

[4]  Burmasov  V.S.  et  al.  Questions  of  Atomic  Science  and  Technology  (Thermonuclear  Fusion),  No.2, 
(1987 ),  31,  (in  Russian). 

[5]  Masychev  V.I.,  Sysoev  V.K.  Optics  and  Laser  Technology,  June  (1984),  151. 


Fig.  3.  Typical  interferogram  (a)  and  time  behaviour 
of  a  plasma  density  (b). 
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MEASUREMENTS  OF  THE  INITIAL  DENSITY 
DISTRIBUTION  OF  GAS  PUFF  LINERS  BY  USING 
RAYLEIGH  SCATTERING 

Yu.  G.  Kalinin,  A.  Yu.  Shashkov 

Russian  Research  Centre  “Kurchatov  Institute”,  123182,  Kurchatov sq.  2, 

Moscow,  Russia 

Various  optical  techniques  are  available  to  measure  distributions  of  the  gas 
concentration  in  supersonic  jet.  The  interferometry  using  two-dimensional 
interferograms  seems  to  be  the  most  informative  one.  Unfortunately,  this  method 
provides  only  the  density  values  that  are  averaged  along  the  probing  beam.  In  the 
case  of  axially  symmetrical  jets  one  can  determine  the  distribution  of  gas 
concentration  after  routine  mathematical  treatment  of  interferograms  (solution  of 
Abel  equation).  This  treatment  produces  a  tolerable  error  only  in  the  case  of  the 
monotonic  distribution  of  the  density,  i.e.  without  any  inner  spaces.  Finally,  the 
sensitivity  of  the  two-dimensional  image  interferometer  is  very  often  not  sufficient 
to  investigate  jets  with  low  concentrations  of  particles.  Objects  of  this  kind  require 
using  of  photoelectric  interferometers.  But  great  increase  of  sensitivity  involves  a 
rather  comphcated  devices. 

For  measuring  of  initial  density  distribution  of  a  gas-puff  liner  authors 
propose  to  use  Rayleigh  scattering  of  the  laser  beam  in  the  gas  jet.  There  is  the 
ftmdamental  difference  of  this  diagnostic  from  abovementioned  ones:  the 
scattering  provides  the  local  measurements.  Basic  scheme  of  this  method  is 
presented  below.  The  laser  beam  passes  tlirough  the  gas-liner  along  its  diameter. 
The  lens  fonns  the  image  of  the  laser  beam  in  the  scattered  light.  The  light 
intensity  in  the  image  is  proportional  to  the  gas  concentration  in  the 
corresponding  points.  This  technique  is  more  sensitive,  permits  to  measure  the 
concentration  at  the  point  and  makes  possible  to  carry  out  an  absolute  cahbration 
of  all  the  system. 
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Let  us  compare  the  sensitivities  of  both  methods. 

1.  Interferometry.  For  a  plane  layer  with  thickness  L  and  absolute 
refractive  index  n,  pass  length  difference  5  may  be  written  as 

6  =  L(n-l)=kX. 

Here  1  is  wavelength,  k  -  the  order  of  interference.  For  example,  for  XeCl 
laser  (  X  =  308  nm  )  fringe  shift  k—Q.\  and  layer  thickness  L  =  I  cm 

n  -  1  =  kX/L  ~  3  •  10-6. 

Using  this  value  one  can  estimate  the  minimal  detectable  concentration  of 
gases  (  see  the  table  ). 

2.  Rayleigh  scattering.  In  the  capacity  of  receiver  it’s  profitable  to  use 
ICT.  Its  spatial  resolution  element  dimensions  are  about  0.02  x  0.02  sq.  cm.  If  the 
gain  ICT  is  high  enough,  it’s  possible  to  fix  each  photoelectron  radiated  from  the 
resolution  unit.  The  number  of  photoelectrons  is 

Ipb.e.  ~  T]  lo  cy  N  A1 0  Ah/h 

Here  r;  ~  10'^  -  5  •  lO'^  is  quantum  yield  of  the  photocathode,  Iq  -  the 

number  of  quanta  of  the  incident  beam,  <  4  •  10"^  -  the  solid  angle,  h  -  the 
vertical  dimension  of  the  probing  beam,  Al  and  Ah  are  the  space  resolution 
dimensions,  N  is  the  concentration  and  a  -  the  Rayleigh  scattering  cross-section 
related  to  the  single  molecule.  The  a  value  may  be  presented  by  the  following 
equation  [1]: 

o-  =  32/3  (n- 1)2  Nl^  X-^ 

Here  Nl  is  the  Loschmidt  number,  X  -  the  wavelength.  For  our  case 
a  =  5- 10-^9  (n- 1/2. 

In  order  to  obtain  the  accuracy  about  10%,  it’s  required  to  have  Ipt.e.  ~ 
10^  from  the  resolution  unit.  Thus, 

Nrata  ~  I(fi  (a-iy^. 

The  results  of  the  estimation  of  the  sensicivity  are  presented  in  the  table. 
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Table. 


Gas 

(n-1),  10-6 

AU, ,  Ifli* 

Interferometry 

Rayleigh  scattering 

H2 

139 

0.6 

0.04 

He 

35 

2.0 

0.8 

N2 

279 

0.3 

0.01 

Raileigh  scattering  optical  setup  is  shown  in  Fig.  1.  The  XeCl  laser 
produced  70  mJ  energy  with  pulse  duration  of  25  ns.  Telescope  1,  2  and  lens  3 
formed  the  profile  and  guided  the  probing  beam  into  the  scattering  chamber.  The 
beam  had  a  profile  of  a  thin  band  with  the  cross-section  5  x  1  sq.  mm  in  the 
region  of  gas  jet.  Chamber  4  was  equiped  by  the  input  and  output  pipes  with 
windows  and  a  number  of  iimer  diaphragms.  The  hght  absorber  was  placed  behind 
the  gas  jet  and  opposite  to  the  pipe-hale  window.  It  was  done  to  minimize 
parasitic  scattering  of  the  probing  beam.  Images  of  the  regions  of  crossing  by  the 
beam  and  gas-puff  finer  were  formed  by  the  lens  with  necessary  filters  5  onto  the 
MCP  brightness  amplifier  photocathode  6.  Solid  angle  of  the  lens  was  3.5  •  lO'"*. 

Images  of  scattering  objects  are  shown  in  Fig.  2  and  Fig.  3.  Liner  axis  is 
vertical.  Top  spots  appear  due  to  the  parasitic  scattering  by  the  nozzle  edge.  Two 
low  spots  show  scattering  regions  of  the  gas-puff  finer. 

Calibration  of  the  scheme  was  carried  out  by  filling  up  the  chamber  with  a 
suitable  gas  at  100  or  50  torr  pressure.  Photofilms  obtained  were  scaned 
photometrically  and  the  gas  jet  concentrations  were  calculated  (see  Fig.  4). 

By  using  this  technique  the  gas  jet  stratification  was  detected  in  some  cases 
(Fig.  3).  One  should  note  that  it’s  impossible  to  detect  similar  stratification  by 
using  any  interferometry. 

The  work  was  partially  supported  by  Russian  Foundation  of  Basic 
Researches  (grant  96-02-18891)  and  C.E.A.  of  France. 

[1]  C.W. Allen,  “Astrophysical  quantities”,  1973 
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Abstract 

Different  optical  system  variations  for  refractive  index  gradient  diagnostics  with  a  laser- 
beam  probe  have  been  analyzed.  A  "three-telescope"  optical  system  which  permits  simultane¬ 
ous  measurement  of  both  the  laser-beam  centroid  deflection  by  a  bi-cell  photodiode  and  the 
spatial  Fourier  spectrum  of  the  deflected  beam  by  a  streak  camera  has  been  implemented  on  the 
COBRA  ion  diode.  The  dynamics  of  the  anode  plasma  layer  has  been  studied  with  these  tech¬ 
niques. 


Introduction 

The  characteristics  of  the  anode  plasma  of  magnetically  insulated  high-voltage  diodes 
critically  affect  the  resulting  ion-beam  parameters  (see,  for  example  [1]  and  references  therein). 
Refractive  index  gradient  (RING)  diagnostics  is  one  method  that  can  be  used  for  investigation 
of  the  spatial  distribution  and  composition  of  the  anode  plasma  [2].  In  order  to  have  high 
sensitivity  for  the  refractive  index  gradient  measurement  the  laser  beam  deflection  is  measured 
using  a  bi-cell  photodiode  with  a  differential  amplifier  (see,  for  example,  [2-4]).  However, 
when  the  refractive  index  gradient  changes  rapidly  across  the  probe-beam  cross-section,  the 
record  of  the  cross-section  of  the  beam  passing  through  the  anode  plasma  can  give  additional 
information  [5].  We  have  analyzed  the  conventional  optical  schemes  that  have  been  used  by 
previous  authors  and  suggested  and  tested  in  the  experiment  a  novel  "three-telescope"  optical 
system  with  simultaneous  detection  of  the  beam  centroid  deflection  and  the  spatial  Fourier 
spectrum  of  the  deflected  beam.  Comparison  of  the  main  characteristics  of  these  schemes  is 
given  in  more  detail  in  Ref  [6]. 

Measurement  of  the  probe  beam  deflection 

We  have  implemented  an  optical  system  for  RING  diagnostics  (Fig.  1)  with  improved 
spatial  resolution  over  earlier  systems  [2-4]  and  using  both  of  the  above-mentioned  recording 
systems  for  study  of  the  near-anode  layer  in  the  ion  diode  of  the  new  ion-beam  accelerator 
COBRA  [7].  Because  the  anode  of  the  accelerator  has  to  be  rebuilt  after  each  pulse  and  the 
detectors  must  be  located  outside  of  a  radiation  zone,  the  optical  system  must  be  several  meters 
long.  According  to  the  properties  of  Gaussian  beams  [6],  to  focus  a  laser  beam  to  a  small  di¬ 
ameter  spot,  2w,  one  must  initially  expand  the  beam  with  a  telescopic  system.  With  an  angular 
beam  divergence  2aL  for  the  laser,  a  magnification  of  the  telescope  k\  =  6  and  a  focal  length  of 
the  lens  Z,2i  in  Fig.  1  of/21  =  120  cm,  we  obtain  (taking  into  account  the  shape  of  the  caustic  - 
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see  the  inset  to  Fig.  1)  the  spatial  resolution  2w=2ai  fix  /kx  -  0.3  mm,  while  the  plasma  is 
length  a  =  95  mm. 

The  probe  beam  passing  the  anode  layer  (see  Fig.  1)  is  collimated  by  the  lens  Z22  and 

split  with  a  beam-splitter  BS .  The 
third  telescope  adjusts  the  diameter  of 
the  reflected  portion  of  the  beam  to 
the  size  of  the  photodiode  (2r  =  14 
mm).  The  refraction  of  the  beam  in 
the  z-direction  in  the  ion  diode  is  then 
measured  with  a  differential  circuit 
and  recorded  with  a  digitizing  oscillo¬ 
scope.  The  value  of  deflection  angle 
of  the  beam  centroid  can  be  found 
from  the  expression  {cx«f22 ) 

AF 
V,  • 

where  Wlo  is  the  initial  laser  beam  ra¬ 
dius,  Kz  the  magnification  of  the  sec¬ 
ond  telescope  consisting  of  Liz,  and 
L22 ,  /22  is  the  focal  length  of  the  lens, 
/22,  .and  AV/V\_  is  the  signal  from  the 
differential  amplifier  normalized  to  the 
signal  if  the  laser  falls  entirely  on  one 
side  of  the  bi-cell  photodiode. 

The  three-telescope  system  is 
very  flexible  and  can  be  easily  adapted 
to  many  experimental  configurations. 
The  arrangement  of  mirrors  Mx  and 
M2  as  well  as  the  installation  of  Mx  and 
Z21  on  a  common  platform  enables 
moving  the  laser  beam  relative  to  the 
anode  surface  with  the  only  other  re¬ 
quired  re-adjustment  being  the  photo¬ 
diode  position.  To  provide  10%  line¬ 
arity  of  the  measurements,  an  addi¬ 
tional  restriction,  KxKzk^  <  2rl{(2k  + 
;r)wLo)  [6],  has  to  be  satisfied,  where  A  is  a  constant  that  is  about  0.4  [2].  Under  the  conditions 
of  our  experiments,  the  minimum  detectable  angle  (less  than  0. 1  mrad)  was  determined  by  the 
level  of  electromagnetic  noise. 

A  typical  photodiode  signal  is  shown  in  Fig.  2.  The  positive  peak  corresponds  to  a  de¬ 
flection  of  the  laser  beam  away  from  the  anode,  as  should  be  observed  if  an  anode  plasma  layer 
is  expanding  away  from  the  anode  surface.  The  maximum  positive  deflection  is  observed  at 
the  end  of  the  80-ns  diode  voltage  pulse  (800  kV,  200  kA).  The  subsequent  negative  peak  can 
be  attributed  to  the  arrival  of  desorbed  gas,  although  other  interpretations  are  possible.  From  a 
set  of  oscillograms  such  as  that  in  Fig.  2  obtained  for  different  distances  between  the  laser 
beam  and  the  anode,  z,  we  obtain  the  function  (f){z;t).  Integrating  this  function  over  z  in  order 
to  obtain  the  profile  of  the  refractive  index  gradient  r]{z)  near  to  the  anode, 

1 
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Fig.  1.  Schematic  of  the  experiment.  Source  -  20  mW 
HeNe  laser.  -  lenses  of  the  telescopic  systems  (aci  =6, 
/i:2=0.8,  /C3  -0.45);  PD  -  bi-cell  photodiode  with  differential 
amplifier;  M\  -Mi,-  -  mirrors;  BS  -  50%  beam-splitter;  F  - 
Fourier  plane  of  lens  Z-22  ;  ^-4,  f-5  -  achromatic  lenses;  SC  - 
streak  camera;  A  -  annular  A1  anode;  inset  -  geometry  of 
the  measurements. 


the  curves  shown  in  Fig.  3  resulted. 
One  can  see  that  at  the  peak  of  the 
diode  voltage  ( /  ~  40  ns)  the  thick¬ 
ness  of  the  anode  layer  is  less  than 
0.5  mm.  Since  the  refractive  index 
gradient  is  related  to  the  densities  of 
the  individual  components  in  the 
anode  plasma  layer  by  the  expression 

where 

K  =  -17.95- 10""^  cm'^  /  electron 

e 

for  electrons  and 

Ku  =  +0.42- 10’^^  cm‘^  /  atom  for 
hydrogen  [1],  the  path-length  aver¬ 
aged  electron  density  at  a  distance  of 
0.35  mm  from  the  anode  can  be  es¬ 
timated  to  be  a  value  of  3-10'^ 
cm  .  If  we  assume  that  at  the  mo¬ 
ment  /  =  300  ns  the  signal  is  deter¬ 
mined  only  by  neutral  hydrogen,  the 
gas  density  at  the  same  distance  (0.35 
mm)  is  equal  to  1  •  lO’’  cm"^ 

Study  of  the  deflected  probe  beam  with  a  Fourier  transform  optics 

Measurement  of  the  beam  deflection  with  a  bi-cell  photodiode  is  a  very  sensitive 
method  even  by  comparison  with  interferometry.  However,  when  the  refractive  index  gradient 

can  be  applied  to  obtain  more  informa¬ 
tion  on  the  intensity  distribution  of  the 
laser  after  it  passes  through  the  plasma 
layer.  In  our  system  the  lens  Z-22  per¬ 
forms  a  Fourier  transform  and  gives 
the  spatial  frequency  distribution  of 
the  probe  beam  at  the  back  focal  plane 
(F  in  Fig.  1).  Lenses  I4  and  L5  image 
this  plane  with  a  variable  magnifica¬ 
tion  onto  the  input  horizontal  slit  of  a 
streak  camera.  A  scan  of  this  image  is 
shown  in  Fig.  2.  One  can  see  that  the 
spectrum  of  the  spatial  frequencies 
correlates  well  with  the  oscillogram. 
If  we  carry  out  a  Taylor  expansion  of 
the  refractive  index  ri(z)  up  to  2nd 
order,  the  intensity  distribution  in  the 
Fourier  plane  is  shifted  as  a  whole  but 
remains  symmetric,  namely 


Fig.  2.  Oscillogram  of  a  signal  from  the  photodiode  and  a 
scan  of  the  intensity  distribution  of  laser  radiation  in  the 
Fourier-plane,  recorded  with  the  streak  camera,  recorded  in 
one  pulse.  Distance  of  the  beam  axis  from  the  anode  was 
0.45  mm;  magnification  factor  ofZ^  -  optical  system  - 
0.8;  an  effective  slit  width  -  2  ns;  f/j  -  a  diode-voltage 
pulse. _ _ _ 
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where  /  =  (\  +  k^a^Ti"^w^  /  4)'^^,  =2f/hv  is  the  Gaussian  beam  waist  in  the  Fourier  plane, 
and  k  is  the  wave  number.  In  our  case  for  the  short  distances  between  the  laser  beam  and  the 
anode,  the  profile  of  the  deflected  beam  intensity  in  the  Fourier  plane  is  a  little  asymmetric. 
That  means  that  the  variation  of  rj(z)  across  the  beam  diameter  is  a  higher  order  function  of  z. 

The  profile  of  r](z)  might  be  retrieved,  in  principle,  from  the  recorded  spatial  frequency 
distributions  by  solving  the  inverse  problem.  However,  an  alternative  way  may  be  more  fruit¬ 
ful.  A  RING  optical  system  can  be  transformed  to  record  simultaneously  the  intensity  distribu¬ 
tions  in  the  front  and  back  focal  planes  of  the  lens  £22-  In  this  case  the  phase  distribution  of  the 
beam  passing  through  the  layer  can  be  retrieved  by  using  an  iteration  procedure  [8],  at  least  for 
some  profiles.  If  this  method  works,  using  a  broad  laser  beam  (and,  perhaps,  replacing  spheri¬ 
cal  lenses  with  cylindrical  ones),  it  may  be  possible  to  obtain  the  r\(z)-  profile  in  the  whole 
gradient  layer  in  a  single  pulse. 

Conclusion 

Theoretical  analysis  and  experimental  verification  of  the  three-telescope  RING  diag¬ 
nostic  optical  system  with  simultaneous  measurement  of  the  beam  deflection  and  the  spatial 
Fourier  spectrum  showed  that  this  system  is  very  convenient  for  a  physically  long  optical  sys¬ 
tem.  First  results  obtained  on  the  COBRA  accelerator  enabled  us  to  estimate  a  thickness  and 
an  electron  density  for  the  anode  plasma  at  the  peak  of  ion  beam  generation  and  to  observe  the 
dynamics  of  the  near-anode  layer.  Improvements  to  the  system  which  will  increase  its  capabil¬ 
ity  are  suggested. 
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Abstract 

The  time  dependent  radial  distribution  of  the  magnetic  field  in  a  gas-puff  Z-pinch 
plasma  has  been  determined  by  observing  the  Zeeman  effect  on  emission  lines,  al¬ 
lowed  for  by  polarization  spectroscopy  and  high  accuracy  line-profile  measurements. 
A  modeling  scheme,  based  on  a  1-D  magnetic  diffusion  equation,  is  used  to  fit  the 
experimental  data.  The  plasma  conductivity  inferred  from  the  field  distribution  was 
found  to  be  consistent  with  the  Spitzer  conductivity.  The  current  density  distribution 
and  the  time  dependent  plasma  region  in  which  the  entire  circuit  current  flows  were 
determined. 


I.  Introduction 

The  interaction  between  magnetic  fields  and  plasmas  produced  in  cylindrical  dis¬ 
charges  such  as  the  Z-pinch,  capillary  discharge,  and  vacuum  spark  has  always  been  a 
fundamental  problem  in  plasma  physics  research.  In  particular,  the  self  generated  azi¬ 
muthal  magnetic  field  in  a  Z-pinch  strongly  affects  the  plasma  dynamics,  its  transport 
properties,  and  consequently  the  efficiency  of  the  electromagnetic  to  thermal  energy 
conversion. 

In  various  theoretical  models  and  simulations  for  the  Z-pinch  plasma  [1,2]  the  time 
dependent  magnetic  field  diffusion  into  the  plasma  is  treated  based  on  prescribed 
initial  plasma  conditions.  In  a  recent  study  [3]  the  Faraday  rotation  technique  has 
been  used  to  measure  the  magnetic  field  within  a  radius  of  <  0.5  mm  in  a  metallic  wire 
explosion  Z-pinch  experiment.  Here,  we  report  on  measurements  of  the  magnetic  field 
distribution  during  the  implosion  phase  of  a  moderate  density  gas-puff  Z-pinch  plasma, 
using  observations  of  the  Zeeman  effect  on  the  line  emission  of  oxygen  ions.  Also 
presented  is  a  simulation  scheme  based  on  a  1-D  magnetic  diffusion  equation,  from 
which  we  determine  the  current  density  in  the  plasma  and  the  electrical  conductivity 
averaged  across  the  plasma  shell. 

11.  The  Z-pinch  Experiment 

Detailed  description  of  the  experimental  setup  is  given  in  Refs.  [4]  and  [5].  The 
gas-puff  Z-pinch  is  powered  by  a  25  kV,  320  kA,  1.6  ps  high-voltage  circuit,  producing 
plasma  pinch  in  —  620i20  ns.  We  use  CO2  or  argon  as  the  source  gas.  A  spectroscopic 
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system  consisting  of  a  1.3  m,  f#/9.1  spectrometer  and  a  fast  streak  camera  is  used  to 
obtain  UV-visible  spectra  throughout  the  implosion,  by  observing  the  plasma  along  the 
axis,  the  diameter,  and  various  chords.  The  spatial,  temporal,  and  spectral  resolutions 
achieved  are  0.4  mm,  1  ns,  and  0.05  A,  respectively.  A  half-wave  plate  is  used  for 
polarization-dependent  measurements. 

III.  Magnetic  Field  Diffusion  Modeling 

The  magnetic  diffusion  equation  is  obtained  by  combining  the  generalized  Ohm’s 
law  (neglecting  the  Hall  current  term)  and  the  Maxwell  equations,  and  is  given  by: 

M  =  V  X  (u  X  -  — V  X  f-V  X  b)  (1) 

dt  V  ;  4^  Va  /  ^  ^ 

Here,  v  is  the  particle  velocity  and  a  is  the  plasma  electrical  conductivity.  The  bound¬ 
ary  condition  for  this  equation,  assuming  a  cylindrical  geometry  of  the  plasma,  is: 

BM  =  B{r  =  R,(t),t)=  (2) 

where  Rg  is  the  time  dependent  outer  radius  of  the  plasma  and  I{t)  is  the  total  dis¬ 
charge  current  flowing  through  the  plasma.  Equation  (1)  can  be  solved  numerically, 
given  the  prescribed  radial  distribution  of  the  conductivity  and  the  radial  ion  velocity 
distributions,  and  it  is  a  subject  currently  being  investigated  in  our  laboratory.  An 
analytical  solution  is  obtained  only  by  introducing  various  simplifying  assumptions. 

Here,  we  solve  the  equation  in  the  frame  of  reference  of  the  moving  outer  boundary 
of  the  plasma,  neglecting  the  relative  motion  of  the  particles.  In  addition,  planar 
geometry  is  assumed,  which  for  most  of  the  implosion  phase  is  estimated  to  little 
affect  the  solution.  The  plasma  conductivity  is  assumed  to  be  uniform,  so  that  an 
average  value  is  used  as  a  parameter.  Based  on  these  assumptions  the  diffusion 
equation  can  now  be  written  as: 

dBe  ^  .gx 

dt  47rcr 

Bo{(,0)  =  0,  Be{i  =  0,t)  =  B,{t) 

Here,  we  introduced  a  new  spatial  variable  defined  as  =  Ro{t)  —  r.  The  boundary 
condition  Boit)  used  for  the  calculations  is  obtained  from  the  results  of  a  previous 
study  [4],  where  we  have  determined  the  time  dependent  radial  position  of  the  outer 
boundary  of  the  plasma,  and  measured  the  total  discharge  current  I{t)  using  a  Ro- 
gowski  loop.  Both  Ro{t)  and  Bo{t)  are  given  in  Fig.  1.  For  the  solution  of  Eq.  (3) 
we  consider  two  cases:  a  semi-infinite  geometry  (0  <  ^  <  oo),  and  a  finite  thickness 
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(slab)  geometry  (0  <  ^  <  /)•  For  an  arbitrary  boundary  condition  Bo{t)  and  constant 
conductivity,  the  semi-infinite  geometry  solution  is  given  by  [6]: 


c^[t  —  r) 


where  t  is  the  time  of  observation.  The  slab  solution  is  given  by  [6]: 


0 


B.(r) 

(t  -  Tfl'‘ 


/A  r.  I\ 

({  +  2ni)exp{ 


(5) 


where  I  is  the  thickness  of  the  plasma  layer.  We  solved  numerically  both  (4)  and 
(5)  for  a  fixed  value  of  cr  and  different  values  of  /  and  t,  and  a  significant  difference 
between  the  two  solutions  wa.s  observed  only  for  I  <  0.5  cm,  which  is  less  than  the 
typical  thickness  of  the  plasma  shell  in  our  experiment  (0.6-0. 7  cm).  As  an  example, 
in  Fig.  2  we  present  the  solutions  of  both  (4)  land  (5)  using  the  following  parameters: 
I  -  0.7  cm,  t  =  530  ns,  and  o-  =  2.4  •  10^“*  s~^  It  is  seen  that  the  difference  between 
the  two  profiles  is  negligible. 


Time  (ns) 


Radius  (cm) 


Fig.  1.  Solid  line  :  The  oberved  outer  radius  of 
the  plasma  Rn(t)  (see  text).  Dashed  line: 
The  boundaiy  field  S„(t)  obtained  using 
the  measured  total  current  in  the  plasma. 


Fig.  2.  Solutions  of  the  magnetic  diffusion 
equation,  for  a  —  2.4T0*^  s'h  Solid 
line:  semi-infinite  solution,  0  <  |  <  » 
(see  text).  Dots:  slab  (planar,  finite 
thickness)  solution,  0  <  |  <  0.7  cm. 
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IV.  Experimental  Results 


The  radial  distribution  of  the  magnetic  field  was  determined  from  measurements 
parallel  to  the  axis  of  line  emission  of  OIITOV  ions  (2700-3900  A)  [5].  These  meas¬ 
urements  were  accomplished  by  the  use  of  a  half-wave  plate  which  rotates  the  po¬ 
larization  plane  of  the  collected  radiation,  thus  enabling  to  observe  the  contribution 
of  the  Am  =  0  and  the  Am  =  ±1  polarization  components  on  the  spectral  profiles. 
For  each  radius  and  time  we  performed  several  discharges  for  each  polarization,  thus 
minimizing  the  effect  of  the  shot-to-shot  reproducibility.  This  gave  an  uncertainty 
of  ±2%  in  the  FWHM  of  the  averaged  profiles.  The  width  difference  between  the 
spectral  profiles  of  the  same  line,  measured  for  the  two  polarizations  at  the  same  time 
and  radius,  was  calculated,  yielding  the  magnetic  field  strength,  with  an  uncertainty 
of  15-20%. 

Presented  in  Fig.  3  are  the  results  of  the  magnetic  field  measurements  at  530 
ns  (90  ns  before  the  pinch).  The  data  points  are  obtained  from  Zeeman  splitting 
measurements  for  the  line  of  OIII  at  r  =  0.85  cm,  of  OIV  at  r  =  1.05  cm,  and 
of  OV  at  r  =  1.2  cm.  The  best-fitting  curve  for  the  data  is  obtained  using  the 
numerical  simulation  procedure  described  in  the  previous  section.  At  530  ns  the 
planar-geometry  assumption  is  justified,  and  the  plasma  conductivity  for  which  this 
solution  was  obtained  was  a  =  2.4  ±  0.4  •  10^^  s“\  which  agrees  with  the  Spitzer 
value,  as  estimated  using  our  plasma  parameters.  The  skin  depth,  defined  as  the  e- 
fold  decrease  of  the  B  field  at  the  boundary,  is  0.23  ±  0.02  cm,  which  is  nearly  half  of 
the  total  thickness  of  the  plasma  shell.  Also  shown  in  Fig.  3  is  the  boundary  field  Bo, 
calculated  using  equation  (2).  It  is  seen  that  Bo  agrees  well  with  the  spectroscopically 
measured  boundary  field,  which  indicates  that  at  this  time  (90  ns  before  the  pinch), 
within  the  error  of  the  measurement,  the  entire  circuit  current  flows  through  the 
plasma. 

Fig.  3.  The  magnetic  field  distribution  in  the 
plasma  at  /  -  530  ns.  The  curve  is  a 
best-fit  solution  of  the  magnetic  field 
diffusion  equation  for  o  -  2.4*10^^  s'^ 
The  I/e  decrease  of  the  magnetic  field 
occurs  at  0.22  cm  from  the  outer 
plasma  edge.  represented  by  the 
square,  is  taken  from  Fig.  1 . 
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The  current  density  distribution  is  obtained  from  the  magnetic  field  distribution 
given  in  Fig.  3.  This  allows  the  J  x  B  forces  in  the  plasma  to  be  known,  and  to 
determine  the  relative  contribution  of  these  forces  to  the  ion  acceleration,  as  described 
in  detail  in  Ref.  [5].  The  Joule  heating  is  also  calculated. 

V.  Conclusions 

We  have  presented  a  simple  scheme  for  modelling  the  magnetic  field  penetration 
into  a  cylindrical  imploding  plasma,  to  be  used  for  fitting  the  experimental  Zeeman 
splitting  data  recently  obtained  in  our  laboratory.  The  numerical  scheme  is  based  on 
the  diffusion  equation  the  boundary  conditions  of  which  are  determined  experiment¬ 
ally.  From  the  best-fit  solution  the  plasma  conductivity  and  the  current  density  are 
obtained,  which  in  turn  allow  for  the  calculation  of  the  J  x  B  forces  and  the  Joule 
heating  in  the  plasma. 
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Department  of  Particle  Physics,  Weizmann  Institute  of  Science 
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The  time  dependent  properties  of  the  imploding  plasma  produced  in  a  gas-puff,  1.6  ps, 
320  kA  Z-pinch  device  are  determined.  Line  emission  of  ions  up  to  the  sixth  ionization  stage 
is  observed  along  various  chords  and  in  the  axial  direction.  Measurements  of  radial  ion 
velocity  distributions  from  Doppler  broadening  and  shifts,  and  of  the  radial  charge  state 
distribution  across  the  plasma  shell  demonstrate  the  existence  of  an  ionization  front 
propagating  radially  inward  with  nearly  constant  velocity  of  1  •  1 0  cm/s.  Line  intensity  ratios 
and  observed  particle  ionization  times  are  used  to  determine  the  electron  temperature.  The 
electron  density  is  obtained  from  Stark  broadening  and  continuum  radiation  measurements. 
These  measurements,  combined  with  collisional-radiative  calculations,  yielded  the  absolute 
ion  densities.  The  radial  distribution  of  the  magnetic  field  in  the  plasma  is  determined  from 
Zeeman  splitting  using  polarization  spectroscopy.  This  gives  the  current  density  and  the  skin 
depth,  yielding  the  Ohmic  heating  as  a  function  of  time  and  radius. 

A  pressure  wave  is  observed  to  propagate  ahead  of  the  magnetic  "piston".  We  show  that 
the  Joule  heating  due  to  the  tail  of  the  current  channel  sustains  the  radial  propagation  of  an 
ionization  front,  moving  ahead  of  the  pressure  wave.  Quasistationary  propagation  of  the 
ionization  front  is  simulated  by  stationary  MHD  equations  coupled  with  the  equations  of 
ionization  kinetics. 

The  JxB  forces  and  the  plasma  properties  obtained  from  these  measurements,  combined 
with  the  previously  determined  ion  radial  velocity  distributions,  allow  for  experimentally- 
based  calculations  of  all  terms  in  the  momentum  and  energy  equations.  Such  a  calculation 
demonstrates  leading  terms  in  both  equations.  It  also  provides  a  good  check  for  comparing 
with  the  experimental  data,  and  proves  the  applicability  of  the  MHD  considerations. 


(The  full  text  has  not  been  supplied.) 
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S.Attelan-Langleti,  R.Rtlicheri.  V.O.Mishensky^,  Yu.V.Papazian^, 
V.P.Smimov^,  G.S.Volkov^,  V.I.Zaitsev^ 

^Ecole  Polytechnique,  Palaiseau,  91128,  France. 
t^Troitsk  Institute  for  Thermonuclear  and  Innovation  Investigations,  Troitsk,  142092,  Russia. 


Abstract 

X-ray  crystal  spectrograph  which  contains  CCD  linear  array  as  position-sensitive 
detector  is  described.  Radiation  detection  is  performed  directly  onto  CCD. 

Spectrograph  has  limit  of  sensitivity  at  about  2  J/(A-ster),  spectral  resolution  -1000  and 
dynamic  range  100-120.  The  device  operates  on-line  with  IBM-PC  based  control  system. 
Software  of  ones  provides  all  the  data  acquisition  and  treatment.  Output  spectra  are  presented 
in  absolute  units. 

The  device  was  used  during  composite  Z-pinch  experiments  at  pulse-power  installa¬ 
tions  «Angara-5-l»  (TRINITI,  Troitsk,  Russia)  and  «GAEL»  (Ecole  Polytechnique,  Palaiseau, 
France).  Present  day  spectrograph  is  included  into  set  of  diagnostics  of  installation 
«Angara-5-l». 

Some  of  spectra  obtained  are  presented  and  discussed. 

Introduction 

Conventional  X-ray  spectroscopy  has  a  lot  of  experience  to  employ  X-ray  films  for 
spectra  registration.  One  of  the  alternative  techniques  is  utilizing  the  CCD  as  a  spatially-resol¬ 
ved  detector  [1,2, 3,4].  This  method  was  considered  in  details  in  [5],  where  the  model  of  inter¬ 
action  between  X-ray  radiation  and  CCD  was  supposed  and  quantitative  measurements  were 
performed.  On  this  basis,  linear  CCD  matrix  (LCCD)  was  employed  for  spectra  registration  in 
X-ray  spectrograph,  which  is  described  in  present  paper. 

Spectrograph  was  used  during  composite  Z-pinch  experiments  for  X-ray  measurements 
at  two  pulse-power  installations,  which  have  rather  different  radiation  output.  Some  experi¬ 
mental  results  are  presented  and  discussed. 

Device  construction 

The  spectrograph  is  of  crystal  type.  The  scheme  of  device  is  shown  in  fig.  1.  MICA 
crystal  (2d  =  19.9  A)  has  a  cylindrical  shape  (2rd)  =  5  cm).  MICA  has  high  reflection  features 
in  several  orders  [6]. 

To  sweep  all  the  working  spectral  band  from  4  up  to  18  A  (to  obtain  review  spectra) 
the  cassette  with  X-ray  film  can  be  installed.  Cassette  is  placed  coaxially  with  respect  to  the 
crystal.  To  investigate  some  spectral  range  in  details  LCCD  is  used.  LCCD  has  linear  array  of 
2048  cells  with  dimensions  15x15  ^im^,  that  corresponds  to  a  range  of  about  4  A.  LCCD  cha¬ 
racteristics  in  an  quantum  energy  range  0.2-5-50  keV  are  described  in  [5]  in  details. 
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Fig.  1.  The  scheme  of  spectrograph.  0  -  Bragg  angle. 


The  spectrograph 
dispersion  is  D~8  mm/A. 
Energy  resolution  is 

about  / 

Spectral  line  FWHM  is 
about  1 1  cells  of  LCCD. 
This  means  that  detector 
does  not  diminish  the 
device  spectral  resolu¬ 
tion. 


CCD  control  unit 

operation  is  synchronized  with  an  experimental  installation  working  cycle.  Special  precautions 
are  undertaken  to  protect  the  unit  against  strong  electromagnetic  interference.  (Unit  case  and 
all  the  cables  have  double  screening,  electronics  scheme  is  grounded  separately  from  installa¬ 
tion  grounding). 

This  device  has  on-line  connection  to  computer  (IBM-PC  type),  that  allows  to  perform 
the  express-analysis  of  results  obtained.  LCCD  output  analogous  data  by  means  of  coaxial 
cable  enter  the  special  card  installed  into  computer.  This  card,  which  contains  ADC  and  RAM, 
is  controlled  by  program. 

The  software,  that  governs  the  spectrograph,  supports  the  following  functions: 

-  data  acquisition; 

-  preliminary  processing  of  spectrum  to  gain  data  in  absolute  units  (spectral  density 
[J/A]  vs.  wavelength  [A]); 

-  spectral  lines  intensities  numerical  simulation  for  given  set  of  plasma  parameters  Tg, 
assuming  some  physical  model  of  processes,  which  take  place  in  Z-pinch; 

-  actual  plasma  parameters  Tg,  rig  determination,  basing  upon  comparison  of  simulated 
and  measured  values  of  spectral  lines  intensities. 


Applications 

Spectrograph  was  used  during  composite  Z-pinch  experiments  at  two  pulse-power  ins¬ 
tallations,  which  have  rather  different  radiation  output:  «Angara-5-l»,  TRINITI,  Russia 
(1  =  4  MA,  X  =  90  ns  [7])  and  «GAEL»,  Ecole  Polytechnique,  France  (I  =  200  kA,  T=  50  ns  [8]). 

The  load  of  «Angara-5-l »  was  hollow  gas  jet  of  Ar  or  C3Hg  (linear  mass  3-60  pg/cm, 
which  was  collapsed  onto  inner  cylindrical  column  made  of  agar-agar  foam  (p  ~  1 0'^  g/cm^, 
d  =  1  mm,  55  -  80  pg/cm).  Some  percentage  of  KCl  (30  -  57%  of  mass)  was  added  as  dia¬ 
gnostics  dopant.  During  the  experiment  intensive  line  radiation  of  H-  and  He-like  ions  of 
argon,  potassium  and  chlorine  was  detected. 

Fig.  2  presents  line  radiation  spectra  obtained  in  second  reflection  order  of  crystal. 

Soft  X-ray  radiation  time  behavior  was  monitored  by  means  of  detectors  which  time  resolu¬ 
tion  capability  is  about  ~1  ns.  The  typical  oscilloscopic  pattern  for  quanta  of  energy  near 
400-500  eV  is  presented  in  fig.  3. 

Total  radiation  yields  of  resonant  line  of  He-like  chlorine  have  varied  from  7  up  to  20 
J  for  several  shots.  For  potassium  this  values  were  3-^15  J,  respectively.  Total  yield  of  potas¬ 
sium  and  chlorine  line  radiation  was  1 8-5-45  J  from  shot  to  shot. 
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Fig.  2. 

Line  X-ray  radiation 
spectra  of  Ar,  K  and 
Cl,  second  reflection 
order  of  crystal. 
«Angara-5-l»  instal¬ 
lation.  The  outer  shell 
is  hollow  At  jet,  the 
inner  load  is  foam 
agar-agar  cylinder 
(55  |iig/cm)  contai¬ 
ning  KCl  dopant 
(30%  of  mass).  An 
interfering  radiation 
of  cathod  material 
([H]-  and  [He]-Al, 
first  reflection  order) 
is  observable. 
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Using  time-integrated  values  of  resonant  H-  and  He-like  transitions  intensities,  both 
with  intercombination  transition  ls2p(3Pi)-ls2(>So)  intensity  one  can  estimate  time-  and  space- 
averaged  parameters  Tg  and  tig.  Rather  high  intensity  of  He-like  potassium  (hv—  3.51  keV)  and 
H-like  chlorine  (hv=  2.95  keV)  prove  the  assumption,  that  inside  pinch  the  hot  (Tg  ~  1  keV) 
area  (or  areas)  exists.  Calculated  values  are:  Tg  =  0.8-?-1.2  keV  and  Ke=  2-102>  cm-3. 
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Fig.  3. 

Oscilloscope  wave¬ 
form  of  soft  X-ray 
ation  vs.  time 
(quanta  energy  400- 
500  eV).  «Angara-5- 
1»  installation.  The 
outer  shell  is  hollow 
Ar  jet,  the  inner  load 
is  foam  agar-agar 
cylinder 

(60  |ig/cm)  contai- 
KCl  dopant 
(30%  of  mass). 


200 


400 


600  t.  nc 


The  load  of  «GAEL»  was  hollow  jet  of  A1  plasma  (linear  mass  2-60  pg/cm,  which  was 
collapsed  onto  A1  wire  (d  =  10-50  pm).  The  current  transfer  from  outer  shell  of  Z-pinch  onto 
inner  one  was  under  investigation.  An  affect  onto  this  phenomenon  due  to  growth  of  instabi- 
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lity  of  mode  m  =  0  and  hot  spots  formation  near  the  axis  of  system  were  under  interest  too  [9]. 
The  line  radiation  detected  was  emitted  from  these  hot  spots.  Total  yield  of  line  radiation  was 
0.2-*-0.5  J.  Typical  hot  spot  plasma  parameters  were  calculated  as  =  350-5-400  eV, 


=  (2^)1 021  cm-3. 
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Fig.  4. 

Spectrum  of  Al,  first 
reflection  order  of 
crystal. 

«GAEL»  installa¬ 
tion.  The  load  is  Al 
wire,  d  =  20  pm 
(8  pg/cm). 


Discussion  and  Conclusions 

CCDs  have  linear  response  with  respect  to  the  dose  absorbed.  That  makes  absolutely 
calibrated  measurements  much  easier.  Direct  registration  of  X-ray  onto  CCD  does  not  require 
complicated  construction,  optical  schemes  and  high-voltage  supplies.  Quantitative  interpreta¬ 
tion  of  results  obtained  becomes  more  simple. 

The  spectrograph  described  offers  good  electromagnetic  compatibility  when  used  at 
pulse-power  installations,  which  are  strong  interference  sources. 

The  system  is  quite  simple  and  reliable,  that  allowed  to  achieve  totally  automatic  cycle 
of  on-line  plasma  parameters  acquisition.  The  Z-pinch  parameters  Tg  and  rig  are  available 
immediately  after  each  experimental  run. 
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Abstract 

This  report  presents  the  investigation  results  of  spectral  composition  of  ion 
beams  generated  by  magneto-insulated  ion  diode  of  «MUK-M»  and  «TEMP» 
accelerators  Energetical  and  mass  characteristics  of  the  accelerated  ion  beam 
were  determinated  by  Thomson  spectrometer  with  CR-39  plate  detector  (MOM- 
Atomki  Nuclear  Track  Detector,  Type  MA-ND/p).  Accelerated  ion  energy  was  from 
40  up  to  240  keV.  Ion  current  density  range  is  from  1  A/cm^  up  to  10  A/cm^.  Mass 
composition  contained  hydrogen,  nitrogen,  carbon  and  aluminum  ions.  The 
individual  track  analysis  shows  the  track  form,  depth  and  diameter  dependence  on 
ion  mass  and  energy. 

Introduction 

During  last  years  we  use  CR-39  nuclear  track  detector  (NTD)  as  a  detector 
plate  in  Thomson  spectrometer  for  the  determination  of  accelerated  ion  beams’  mass 
and  energy  spectra  (Isakov  et  al.,  1991,  Matvienko  et  al.,  1994)  The  ion  energy, 
mass  and  atomic  number  of  accelerated  ion  are  determinated  by  the  spectrometer 
construction. 

Experiment 

Research  was  carried  with  the  ion  beams  generated  by  «TEMP»  and  «MUK-M» 
accelerators  (Isakov  et  al.,  1991)*.  Ion  beam  composition  is  hydrogen,  carbon, 
nitrogen  and  aluminum  ions.  Ion  current  range  is  from  1  A/cm^  up  to  100  A/cm^. 
Ion  energy  is  from  30  up  to  300  keV/z.  The  mass  and  energy  spectra  of  accelerated 
ion  beam  were  determinated  from  the  analysis  of  the  common  picture  of  NTD 
parabola  tracks,  determinated  by  Thomson  spectrometer  (fig.l).  We  used  optical 
microscope  for  this  research.  Detector  picture  size  was  1x1.5  cm. 

Wide  range  of  ion  energy  in  the  beam  spectrum  is  defined  by  the 
particularities  of  the  ions  accelerating.  Ion  beam  was  collimated  by  two  50  pm 
diameter  diaphragms.  Into  the  Thomson  spectrometer  chamber,  ion  beam  was 
separated  and  makes  traces  on  detector  surface  as  a  system  of  parabolas,  every  one 
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corresponds  to  the  certain  kind  of  ions  with  equal  A/z  ratio,  where  A  -  atomic 
number  of  element,  z  -  ion  charge.  After  irradiation  by  the  polycomponent  ion 
beam,  detector  plate  was  etched  by  6.28  N  NaOH  solution  at  t=60°C.  Etching  time 
was  1-6  hours. 


The  research  of  the  individual  ion  track  characteristics  was  carried  in  the 
electron  microscope  by  investigation  of  carbon  replica  tracks  on  CR-39  detector 
plate,  using  the  information  about  beam  composition  and  ion  energy.  Fig.2  presents 
a  typical  photospectrogramm  of  CR-39  detector  plate  image  and  the  electron 
photomicrographs  of  carbon  replica  profiles  of  ion  tracks. 

As  a  result  of  analysis  of  ion  track  after  separation  in  Thomson  spectrometer 
on  detector  plate,  we  have  defined  ion  beam  composition  as  a  following;  hydrogen 
ions  (energy  range  is  from  40  up  to  120  keV)  are  26  per  cent,  single  and  double 
charge  carbon  ions  (energy  range  is  from  80  up  to  240  keV)  -  70  per  cent,  nitrogen 
ions  (energy  range  is  from  60  up  to  120  keV)  is  approximately  4  per  cent.  Wide 
range  of  ion  energy  in  the  beam  spectrum  is  defined  by  the  particularities  of  the  ions 
accelerating.  The  low  limit  of  the  observed  ion  energy  spectrum  is  limited  by 
speetrometer  construction.  It  is  30  keV.  Individual  ion  tracks  in  the  detector  have 
almost  regular  form  of  the  circle  in  the  section,  but  depth  is  small.  The  ion  track 
diameters  depend  on  ion  mass  and  ion  energy.  H"'',  C"*""  track  diameters  after  6 
hours  etching  are  1-1.8  pm,  track  depths  is  from  0.13  up  to  0.19  pm.  This  diameter 
dependence  on  energy  is  linear.  The  diameter  dependence  on  mass  is  not  observed 
distinctly.  The  track  diameter  and  track  depth  from  nitrogen  ions  are  2  times  higher 
than  analogous  parameters  for  carbon  and  hydrogen  ions  in  the  same  ion  energy 
range.  Obtained  results  are  correspond  to  results  (Sato  et  al.,  1990)^  and  allow  to 
make  a  conclusion  about  perspective  using  of  this  type  detector  for  the  low  ion 
beams. 
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Fig.2.  The  typical  photospectrogramm  of  CR-39  detector  plate  image  and  the  electron 
photomicrographs  of  carbon  replica  profiles  of  ion  tracks. 


Conclusion 

It  is  possible  to  use  Thomson  spectrometer  with  CR-39  NTD  as  a  method  for 
detector  sensitive  properties’  calibration  for  different  mass  and  energy  ions.  It  is 
possible  because  processes  of  the  detector  etching,  detector  irradiation  by  different 
mass  and  energy  ions  and  track  identification  are  carried  simultaneously[4,5]. 


[1]  Isakov, I. F.,  V.N.Kolodii,  M.S.Opekounov,  V.M. Matvienko,  S.A.Pechenkin,  G.E.Remnev  and 
Yu.P.Usov  Sources  of  high  power  ion  beams  for  technological  application.  Vacuum,  42 
(1991), 159-162. 

[2]  Matvienko, V.M.,  M.S.Opekounov,  G.E.Remnev,  V.V.Vasilyev,  E.I.Luconin  and  E.G. Furman  The 
short-pulse  implanter.  Proceeding  of  the  10-th  Inter.  Conf.  Beams’94  (1994). 

[3]  Sato  M.,  Y.Hashimoto,  M.Yatsuzuka  and  S.Nobuhara  (1990).  Self-crowbar  switch  operation  in 
small  milt.  Proceedings  of  the  8-th  Inter.  Conf.  Beams’90,  2,  (1990)  1070-1075. 

[4] Nuclear  Track  detector  Application  for  the  Diagnostics  of  Low  Snergy  High  Power  Ion  Beams. 
G.E.Remnev,  M.S.Opekunov,  A.N.Grishin,  I.V.Ivonin.  Nuclear  tracs  in  Solids,  17-th  Int.  Conf. 
Book  of  Abstracts,  p.284,  Dubna,  1994. 

[5] CR-39  Nuclear  Track  detector  Application  for  the  Diagnostics  of  Low  Snergy  High  Power  Ion 
Beams.  G.E.Remnev,  M.S.Opekunov,  A.N.Grishin,  I.V.Ivonin.  Radiation  Measurements,  Vol.25, 
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Abstract 

We  discuss  a  technique  to  measure  bremsstrahlung’s  electron  end  point  energy  in 
the  MV  regime  with  only  two  detectors.  One  measures  the  total  radiation.  The  other 
detector  filters  out  all  except  the  hardest  photons  by  looking  only  at  their  Compton 
electrons,  whose  average  energy  is  determined  with  a  magnetic  field. 

Introduction 

The  voltage  in  a  bremsstrahlung  diode  determines  the  hardness  of  the  radiation. 
Harder  radiation  penetrates  more  easily,  so  that  the  voltage  can  be  inferred  from 
differential  absorption  behind  increasingly  thick  filters  of  tungsten  or  other  high  atomic 
number  materials.  As  always,  the  technique  has  limits  and  disadvantages.  It  does  not 
work  too  well  when  most  of  the  radiation  is  around  1  MeV,  because  in  this  regime 
the  attenuation  coefficients  are  roughly  constant.  The  consequence  is  a  practical  upper 
limit  to  the  voltage  that  is  hard  to  get  around  even  by  adding  more  channels.  One 
implementation  uses  7  channels  to  cover  up  to  2  MV  or  so,  a  workable  but  inelegant  way 
to  get  only  a  single  number.  Alternative  approaches  for  measuring  radiation  hardness, 
e.g.,  the  textbook  technique  of  finding  x-ray  energy  by  looking  at  the  Compton  electron 
emerging  from  a  thin  foil  in  a  specific  direction,  do  not  work  well  in  a  noisy  pulse  power 
environment  because  the  signal  strength  is  too  low. 
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Figure  1.  Design  of  the  Compton-Hall  voltmeter. 

The  voltmeter  described  here  determines  electron  end  point  voltage  with  only  two 
data  channels.  It  uses  the  average  energy  of  an  entire  spray  of  Compton  electrons 
knocked  out  of  a  thick  foil  by  the  harder  part  of  the  x-ray  spectrum.  The  electron’s 
average  energy  is  measured  by  their  average  curvature  in  a  stationary  magnetic  field. 
This  approach  is  a  compromise  between  signal  strength  and  energy  resolution:  its 
nomenclature,  a  Compton-Hall  voltmeter,  recognizes  the  two  main  processes. 
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In  a  bremsstrahlung  diode  the  electrons  are  assumed  to  get  a  well-defined  energy 
that  is  equal  to  the  instantaneous  voltage.  When  they  hit  the  anode  bremsstrahlung 
converter  the  electrons  make  x-rays,  which  travel  to  the  instrument.  Figure  1  is  the 
voltmeter’s  geometry,  which  is  identical  to  that  of  a  hard  x-ray  spectrometer  to  be 
mentioned  later.  The  radiation  comes  in  from  the  right  through  a  hole  in  a  10  cm  thick 
tungsten  collimator.  On  hitting  the  Compton  target  the  x-rays  make  electrons.  The 
target’s  thickness  is  about  1/3  of  the  CSDA  range  for  the  most  energetic  electrons,  so 
that  the  electrons  created  at  the  front  of  the  aluminum  lose  a  substantial  fraction  of 
their  energy.  Comparatively  little  energy  is  lost  in  the  air  in  between  two  permanent 
magnets,  the  Compton-Hall  cavity.  The  ~  0.35  T  strong  magnetic  field  bends  the 
Compton  electrons  over  tens  of  mm  toward  the  walls.  The  Compton  current  can  be 
measured  anywhere  along  the  wall.  The  back  contains  many  sensors  as  appropriate  for 
a  spectromeetr:  only  a  single  one  is  needed  for  a  voltmeter. 

The  voltage  is  given  by  only  two  measurements,  namely  the  current  at  some 
optimum  point  on  the  wall  compared  to  one  of  the  back  sensors,  or  to  a  sensor  at 
the  Compton  target  (not  shown). 


Figure  2.  Electron  motion  in  the  Compton-Hall  voltmeter. 

Figure  2  illustrates  the  particle  trajectories.  A  photon  with  2  MeV  comes  in  from 
the  right.  A  spray  of  Compton  electrons  is  bent  down  by  the  magnetic  field;  some 
electrons  hit  the  top  or  bottom  of  the  cavity,  and  turn  backwards,  but  clearly  most 
electrons  end  up  in  the  Compton-Hall  detector  at  the  bottom.  A  background  detector 
on  top  sees  only  photons  that  pass  through  the  tungsten,  scatter  in  the  foil,  or  reach  it 
some  other  way.  The  background  can  be  subtracted,  but  it  is  better  to  suppress  it  with 
added  shielding.  Some  Compton  electrons  reach  the  total  dose  detector  straight  behind 
the  collimator,  to  the  left.  This  detector  gets  most  of  its  irradiation  from  photons  that 
pass  straight  through  the  Compton  target.  An  alternate  position  for  the  total  radiation 
detector  is  in  the  collimator’s  throat,  embedded  in  the  Compton  target. 

All  the  various  processes  can  be  accounted  for  from  first  principles  with  a  Monte 
Carlo  code  such  as  the  ACCEPTM  member  of  the  ITS  package.[l]  Our  computations 
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give  a  linear  relation  between  diode  voltage  and  the  response  of  a  sensor  placed  in  a 
position  appropriate  to  some  specific  voltage  regime.  However,  a  carefully  computed 
bremsstrahlung  spectrum  from  a  full  Monte  Carlo  run  on  an  actual  bremsstrahlung 
converter  is  not  needed,  because  the  Compton- Hall  voltmeter  looks  only  at  the  hardest 
part  of  the  photon  spectrum.  This  is  adequately  represented  by  a  model  spectrum  that 
consists  of  a  theoretical  (Kramers)  bremsstrahlung  spectrum  filtered  with  2  cm  thick 
aluminum.  In  the  fully  three-dimensional  geometry  of  the  instrument  the  Monte  Carlo 
approach  is  essential  for  computing  the  Compton  interactions  in  the  thick  target,  slowing 
down  of  the  electrons,  and  electron  deflection  in  the  magnetic  field:  for  convenience  the 
interaction  with  the  detector  is  also  done  with  ITS. 


Figure  3.  Response  functions  of  Compton-Hall  detectors  compared  to  filtering. 

The  same  geometry  is  suitable  as  a  spectrometer  for  photon  with  energies  exceeding 
1  MeV.  In  this  case  you  need  the  Compton  current  in  various  Compton-Hall  detectors 
along  the  wall  of  the  magnetic  interaction  region.  For  a  time-integrated  spectrometer 
the  measurement  can  be  done  with  thermoluminescent  detectors  (TLDs),  which  measure 
dose:  dose  rates  are  needed  for  a  time-resolved  spectrometer.  Unfolding  the  spectrum 
from  the  dose  (rates)  requires  the  responses  for  each  detector  as  function  of  photon 
energy.  [2] 

As  an  example,  the  solid  lines  in  Figure  3  are  the  responses  of  Compton-Hall 
detectors  located  at  different  distance  from  the  foil.  The  dashed  line  is  the  response 
of  a  detector  behind  a  6.35  mm  thick  tungsten. [2]  All  x-rays  with  energy  hv<  0.3 
MeV  are  cut  off  by  the  tungsten  filter.  Likewise,  the  Compton-Hall  detectors  see  no 
x-rays  below  a  cutoff  energy  that  is  adjustable  from  about  0.7  MeV  to  1.5  MeV,  The 
maximum  response  behind  the  tungsten  is  one  order  of  magnitude  higher  than  that 
of  the  Compton-Hall  sensors.  Qualitatively,  the  response  functions  are  similar:  the 
Compton-Hall  detectors  behave  as  if  they  were  filtered  by  a  thick  piece  of  material  with 
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an  adjustable  atomic  number  in  the  hundreds. 

The  fourth  Compton-Hall  detector,  at  the  arrow  in  Figure  3,  ha.s  the  appropriate 
cutoff  to  function  as  a  voltmeter  in  the  1  to  2  MeV  regime.  Figure  4  compares  the  dose 
in  a  calcium  fluoride  TLD  as  measured  on  a  van  de  Graaff  electron  accelerator  with  the 
computed  response  for  this  detector.  Here  the  relative  responses  are  normalized  at  2 
MeV:  in  the  experiment  the  detector  in  the  full  radiation  field  was  located  at  a  different 
position  than  assumed  in  the  computation.  The  dose  in  the  Compton-Hall  sensor  is  only 
a  few  percent  of  the  dose  in  the  full  radiation  field.  Therefore,  background  radiation 
must  be  rigorously  suppressed  by  excellent  shielding  all  around  the  instrument. 


Figure  4.  Relative  response  as  function  of  electron  energy. 


The  response  of  the  Compton-Hall  detector  is  linear  with  electron  end  point  voltage, 
both  in  the  computation  and  in  the  experiment.  Although  the  absolute  value  of 
the  voltage  cis  inferred  from  this  instrument  remains  to  be  absolutely  calibrated,  the 
linear  response  as  function  of  voltage  already  makes  the  voltmeter  usable  for  relative 
measurements.  At  this  time  the  Compton-Hall  voltmeter  remains  to  be  tested  in  a  time- 
resolved  mode,  wherein  the  TLDs  are  replaced  by  dose  rate  detectors.  Problems  are  not 
expected:  suitable  detectors  are  available  from  a  time-resolved  version  of  a  differentially 
filtered  spectrometer  that  also  started  in  a  simpler,  time-integrated  version. [2] 

In  conclusion,  we  would  like  to  thank  Dr.  C.  E.  Dick  (NIST)  for  his  participation 
in  the  calibration  using  NIST’s  van  de  Graaff. 
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Version  3.0,  the  Integrated  TIGER  Series  •••,  SAND91-1634,  1992. 

[2.]  S.  G.  Corbies  and  N.  R.  Pereira,  Differential  absorption  spectrometer  for  pulsed 
bremsstrahlung,  Rev.  Sci.  Instrum.  64,  1835  (1993). 
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New  excitation  channels  for  the  explanation  of  the  strong  emission  of  Li-like  and 
Be-like  satellite  transitions  in  numerous  dense  plasmas  are  proposed.  These  channels  are 
based  on  the’  collisional  innershell  excitation  from  the  excited  states  (ES-ISES)  which  are 
highly  populated  in  the  initial  stage  of  plasma  evolution: 

Be-like  satellites  ES-ISES:  ls22xnz  +  e-ls2x2ynz  +e 

Li-like  satellites  ES-ISES:  ls2ny  +  e-ls2xny  +e 

In  the  case  of  Li-like  satellites  the  ES-ISES  channel  predicts  "Blue  Satellites"  of  the 
He-like  resonance  line  W  =  ls2  -  ls2p  IPl  which  are  observed  in  the  experiments. 

Corresponding  spectra  simulations  exploiting  new  calculated  atomic  dates  for  these 
mechanism  are  carried  out.  Experimental  spectra  of  plasma,  produced  at  intensities  up  to 
IQlS  w/cm^  and  recorded  by  means  of  high  resolution  spherically  bent  mica  crystal  technique 
make  possible  a  direct  verification  due  to  the  low  ion  temperature  in  the  heating  phase.  In 
dense  pinching  plasmas,  the  detailed  satellite  structure  are  smeared  out  due  to  rather  high  ion 
temperatures  in  the  ionizing  phase. 

We  investigate  the  role  of  energetic  electrons  on  the  satellite  formation  of  Li-like  and 
Be-like  ions  for  all  excitation  channels  and  discuss  the  diagnostic  properties. 


(The  full  text  has  not  been  supplied.) 
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Visualisation  of  High-Current  E-beams  on  Solid  Surfaces 
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Komsomobkaya  34.  Ekaterinburg.  Russia,  620219. 

Up  to  day  the  visualizers  of  e-beams  have  essential  disadvantages.  They  are  rather 
complex,  expensive,  and/or  average  the  recorded  flux  of  electrons  by  surface. 
Therefore  the  task  to  find  the  new  scintillators  based  on  low  cost,  natural  material 
for  these  purposes  seems  to  be  very  important.  To  solve  this  task  broad  range 
minerals  was  examined.  The  natural  specimens  were  investigated  on  high-current 
pulsed  Crbeam  accelerators  with  the  following  parameters:  current  density  from  10 
to  1000  A/cm\  energy  from  100  to  300  keV,  pulse  duration  from  2  to  50  ns  [1,2].  It 
was  found  that  high-intensive  luminescence  in  visible  spectral  range  with  time 
duration  to  several  tens  of  minutes  is  excited  in  such  minerals  as  spodumen,  calcite, 
apatite  doped  by  Mn  in  the  concentration  range  from  10-^  to  1  weight  percents.  The 
specimens  with  Mn  concentration  about  1  weight  percentage  appears  to  be  the 
most  suitable  both  by  intensity  and  time  of  luminescence.  The  appearing  of  such 
luminescence  allows  one  to  observe  the  cross  section  of  e-beam  both  during  the 
action  period  and  after  it.  The  Fig.  1  presents  the  light  "images"  of  e-beam  on 
natural  spodumen  (Mn  ~  1  weight  %)  at  the  distance:  0  -  (1),  5  -  (2),  and  10  -  (3) 
mm  from  output  foil  of  e-beam  accelerator  recorded  after  two  minutes  of  e-beam 
action.  The  increase  of  dimensions  of  light  "image"  results  from  e-beam  cross 
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Fig.  1. 

Light  "images"  of  e-beam  on  natural  crystal  of  spodumen 
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e-beam 
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Fig.  2. 

Section  of  the  natural  crystal  of  spodumen  along  longitudinal  axis  of  e-beam 


-  1078  - 


section  expansion.  The  decrease  of  its  intensity  results  from  of  current  density 
decreasing.  One  can  see  that  intensity  of  luminescence  depends  on  current  density 
and  it  is  possible  to  record  cross  sections  of  e-beam  at  different  distances  from  the 
foil.  The  Fig.  2  presents  the  section  of  the  same  specimen  along  the  longitudinal 
axis  of  e-beam.  The  dimension  of  luminous  layer  depends  on  the  run  length  of 
electrons  in  the  specimen  and  is  determined  by  energy  of  electrons.  So  it  is  possible 
to  determine  the  last  one  by  measurement  of  dimension  of  this  layer. 

The  presented  results  let  us  to  state  that  these  natural  materials  may  be 
utilised  for  visualisation  of  high-current  pulsed  e-beams  both  during  its  action 
period  and  after  it.  Every  concrete  crystal  can  be  calibrated  in  absolute  energy  of 
electrons  and  current  density  values  so  it  can  be  used  as  absolute  transducer  of 
these  parameters.  The  proposed  materials  can  solve  the  tasks  of  measurements  of 
parameters  of  high-current  pulsed  e-beams  such  as  electrons’  energy  and  current 
density  distribution.  Such  materials  are  widely  spread  in  nature.  They  have  low 
cost  and  they  are  not  hydroscopic  and  are  simple  in  manufacturing  and  using. 
Also  techniques  to  grow  these  crystals  are  well  developed  now.  These  scincillators 
not  only  simplify  the  registration  technique,  but  also  low  the  cost  of  transducers  of 
e-beams.  So  these  materials  seem  to  be  very  perspective. 
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Abstract 

The  results  of  theoretical  and  experimental  investigation  of  sensitivity  and  spatial 
resolution  of  charge  coupled  devices  (CCD)  been  influenced  by  of  X-ray  quanta  are  reported. 
Both  calculation  model  of  interaction  process  between  X-ray  radiation  and  CCD-structure  and 
experimental  results  of  investigation  of  CCD  characteristics  are  presented.  The  theoretical 
model  of  interaction  between  X-ray  radiation  and  CCD  is  suggested. 

In  accordance  with  model  described,  the  calculations  of  CCD  sensitivity  and  spatial 
resolution,  depending  on  X-ray  radiation  energy,  are  performed.  The  results  of  comparison  of 
the  calculation  data  and  experimental  data  obtained  for  linear  CCD  (LCCD)  are  presented. 

CCD  has  maximal  sensitivity  of  ~(1-2.5)10’  V-cm^/J  for  quanta  of  energies  0.5-8  keV. 
CCD  spatial  resolution  varies  from  15-20  pm  (CCD  gate  size)  for  quanta  of  energies  less  then 
4  keV  and  gets  worse  up  to  150  pm  for  harder  radiation  (  20-50  keV). 

CCD  usage  as  space-resolving  detector  for  high-power  installation  diagnostics  device  is 
presented.  Other  fields  of  CCD  application  for  X-ray  detection  are  discussed.  Advantage  of 
CCD  usage  in  comparison  with  traditional  X-ray  films  is  discussed  from  this  point  of  view. 

Introduction 

Usually  method  X-ray  picture  measurements  is  film  registration.  In  this  case  it  is  needed 
a  lot  of  time  for  the  obtaining  of  the  final  measurement  results. 

Present  time,  there  is  some  experience  of  application  of  charge  coupled  devices  (CCD) 
for  direct  X-ray  registration  [1,  2],  However  the  quantitative  interpretation  of  the  results 
obtained  is  difficult  task  because  the  lack  of  detailed  information  about  CCD  characteristics  in 
X-ray  region. 

This  paper  contains  the  results  of  calculation  and  experimental  investigation  of  CCD  in 
X-ray  region. 

1.  Experimental  investigation  of  CCD  characteristics. 

For  experimental  investigation  of  CCD  characteristics  Ka  lines  of  different  materials 
were  used  (Cu,Ka=  8.04  keV,  Mo,Ka=  17.45  keV,  Sn,Ka=  25.04  keV). 

As  radiation  source  Marx-type  generator  was  appreciated  (L  earn  0,5-2  kA 
Ebeam=  50-200  keV,  Tbeam=  60  ns).  Fig.l  shows  the  experimental  arrangement. 

The  linear  CCD  (LCCD)  was  used  as  X-ray  detector.  This  LCCD  is  equipped  with  four 
sensitive  areas.  Each  one  consists  of  the  linear  array  of  2048  cells.  Cell  size  is  15x15  pm,  that 
corresponds  to  total  sensitive  area  length  of  30.72  mm. 

The  value  of  X-ray  flux  influencing  onto  CCD  was  determined  by  absolutely  calibrated 
semiconductor  detector. 

For  the  spatial  resolution  measurements  the  X-ray  flux  was  collimated  by  means  of  slit 
of  25  pm  aperture.  The  LCCD  signal  was  compared  with  calibrating  one  obtained  by  means  of 
X-ray  film.  The  typical  spatial  profiles  are  shown  in  the  fig.2. 
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The  Full  Width  at  Half 
Magnitude  (FWHW)  of  the 
profile  obtained  during  the 
experiment  depends  on  the 
effective  spatial  resolution  of 
CCD 

Ad^=  (5  +  (5 

where  Ad  is  value  of  FWHM 
obtained  by  CCD,  and  <5iisLiT  is 
actual  value  of  FWHM 
obtained  by  means  of  film 
scanning.  The  experimental 
data  for  different  X-ray  energy 
quanta  are  presented  in  the 
Table  1. 


Fig.  1.  Experimental  setup. 

1-  gas-filled  Marx  generator, 

2-  vacuum  chamber, 

3-  anode,  4-cathode, 

5 -magnets,  6-  outlet  window, 

7-  slit-like  aperture, 

8-  LCCD. 


Table  1.  Sensitivity  and  spatial  resolution  of  CCD.  Experimental  data. 


Quantum  energy,  keV 

Sensitivity,  V/(J/cm^) 

Resolution  <51ccd,  prn 

8.04 

1.510’ 

71 

17.4 

4.1-10^ 

105 

25.04 

1.8610* 

no 

2.  CCD  charge  accumulation  model.  Computer  simulation. 

Charge  accumulation  model  was  developed  under  the  following  conditions: 

-  initial  charge  carriers  distribution  is  produced  by  the  absorption  of  X-ray  quanta  and 
actually  is  5-function  vs.  time; 

-  electric  field  is  totally  concentrated  immediately  under  insulator  layer  inside  of  thin 
potential  minimum  region  beneath  CCD  gate; 

-  output  signal  is  proportional  to  amount  of  charge  which  has  been  collected  inside  of 
potential  minimum. 

This  charge  consist  of  two  parts: 

-  the  first  one  is  the  charge  which  was  born  inside  of  region  of  potential  minimum, 

-  the  second  one  is  charge  which  has  diffused  into  this  region  from  semiconductor 
substrate. 
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j,(x),  re  1. units 


UccD,  ^ 


Fig.  2.  Spatial  profile  of  X-ray  radiation  flux  s(x). 
Slit-like  aperture  of  width  25  |xm  was  used. 
Curve  1  corresponds  to  real  spatial  profile. 
Curve  2  was  detected  by  LCCD. 


Using  these 

assumptions  was  found  the 
solution  of  diffiision 
equation.  This  solution 
depends  on  charge  carriers 
di&sion  length 

L  =  ,  where  D  is 

diffusion  coefficient,  U  is 
electron-hole  recombination 
time. 

The  comparison 
between  experimental  data 
and  calculations  shows  quite 
good  coincidence  for  value 
Z=150pm.  CCD 

characteristics  calculated  for 
this/,  are  shown  in  fig.  3. 

For  quanta  of  energy 
less  then  3  keV,  the  spatial 
resolution  is  determined  by 


size  of  CCD  cells  only.  The  device  has  sensitivity  high  enough  (more,  then  lO’  V  cm^/J)  in 
range  0.5  -  10  keV. 


K,  Vcm2/J  fi,  „m 


3.  Applications. 

The  investigation  of  CCD  characteristics  shows  that  application  of  CCD  as  spatially- 
resolved  detector  of  X-ray  radiation  is  very  hopeful.  Some  degradation  of  CCD  which  could  be 
caused  by  radiation  damage  is  negligible.  Any  distortion  of  device  characteristics  begins  when 
dose  absorbed  is  about  10*  rad  [3].  It  allows  to  perform  up  to  10®  measurement  cycles  per  one 
CCD. 

LCCD  was  used  in  X-ray  crystal  spectrograph.  CCD  signal  was  treated  by  analog-to- 
digit  converter  and  then  processed  by  computer  (IBM-PC).  This  device  was  tested  at  pulse 
power  installation  ANGARA-5.  Present  time  this  spectrograph  is  included  into  permanent 
diagnostics  set. 

In  the  fig. 4  X-ray  spectrum  of  argon  obtained  during  Z-pinch  experiment  (installation 
current  3.5  MA)  is  presented.  One  can  see,  that  CCD  detector  provide  quite  enough  possibility 
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to  register  spectra  with  spectrograph  own  resolution  (in  our  case  E/AE  ~10^).  Important 
advantage  is  rather  short  time  of  data  acquisition  and  treatment  (less  then  30  sec). 

dE/dx,  J/A 


Fig.  4.  X-ray  spectrum  registered  by  crystal  spectrograph  with  CCD-detector. 
H-like  and  He-like  emission  of  argon  was  registered  in  2-nd  crystal  reflection  order. 
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1.  INTRODUCTION 

Paper  [1]  was  the  first  to  publish  results  of  research  into  plasma  heating  in  plasma 
chamber  MAGO  obtained  in  experiments  using  explosive  magnetic  generators  (EMG).  This 
paper  presents  results  of  experimental  research  into  MAGO  chamber  operation  using  DT  and 
DD  -  reaction  neutron  spectra  measurement  with  the  time-of-flight  method.  A  possible 
interpretation  of  obtained  new  results  is  also  given. 

OBJECT;  The  MAGO  chamber  used  for  the  experiments  is  a  fairly  compact  device 
(Fig.l):  a  hollow  copper  thick-wall  cylinder  200  mm  in  inner  diameter  and  165  mm  in  length 

with  a  central  electrode  60  mm  in  thickness 
separating  the  internal  chamber  space  into  two 
compartments  (25  and  80  mm  in  height) 
connecting  to  each  other  with  a  narrow  annular 
nozzle  whose  minimum  width  was  1 2  mm. 

The  vessel  of  the  chamber  with  the 
central  electrode  constitutes  a  coaxial,  short- 
circuited  turn.  The  internal  space  of  the 
chamber  is  filled  with  DT  or  DD  -  gas.  At  the 
chamber  inlet  the  central  electrode  is  separated 
from  the  vessel  with  ceramic  insulator  20  mm 
in  outer  radius.  Initial  gas  pressure  in  the 
chamber  is  10-20  mm  Hg.  In  the  chamber 

Fig.  1.  Scheme  of  plasma  chamber  MAGO.  initial  magnetic  field  was  preliminary  created 

through  gradual  increase  of  electric  current  in 
the  short-circuited  turn  up  to  1.5  -  2.2  million  amperes.  Then  the  current  abruptly,  during  1-3 
microseeonds,  increased  up  to  8-10  MA.  Our  experiments  used  explosive  magnetic  current 
sources  with  a  current  pulse  generation  unit  (the  stored  energy  is  up  to  -  10  MJ). 

During  the  abrupt  current  growth,  according  to  the  theoretic  model,  in  the  first  chamber 
compartment  where  the  insulator  is  located  volume  gas  discharge  occurs.  Under  action  of 
ponderomotive  forces  low-temperature  plasma  begins  to  flow  out  of  the  first  chamber 
compartment  to  the  second  through  the  narrow  nozzle.  At  the  nozzle  outlet  the  plasma  flow 
becomes  supersonic  and  at  the  second  chamber  inlet  a  collisionless  shock  wave  is  generated.  It 
is  in  this  wave  that  kinetic  energy  of  the  plasma  flux  is  converted  to  energy  of  chaotic  ion 
movement.  Later  on  the  plasma  which  is  already  heated  descends  to  the  central  electrode  and 
is  compressed  with  magnetic  field  and  heavy  insulator  vapors  which  follow  the  DT  plasma.  In 
the  hot  plasma  thermonuclear  reactions  take  place  and  stop  in  some  time  by  virtue  of  hot 
plasma  mixing  with  cold  plasma  and  insulator  vapors.  In  the  chamber  specially  designed  for 
the  above-described  process  scheme  510*^  neutrons  are  obtained  in  a  pulse  of  -  2  ps  duration. 

In  addition  to  these  two  parameters,  the  experimental  data  of  the  chamber  involve 
information  from  current  and  light  pickups,  data  of  electron  density  obtained  using 
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interferometry  and  data  of  plasma  X  radiation  spectrum,  there  is  the  source  image  obtained  in 
DT  neutrons  [1,2].  The  neutron  source  is  composed  of  two  parts:  10%  -  the  nozzle  region; 
90%  -  the  central  volume  of  the  second  chamber  compartment.  Mean  energy  of  emitted 
neutrons  in  various  directions  is  practically  constant  and  close  to  14.1  MeV. 

2.  RESEARCH  TECHNIQUE 

From  the  standpoint  of  plasma  diagnostics,  the  MAGO  chamber  is  not  a  very  convenient 
device.  The  experiment  is  explosive,  fragmental,  the  neutron  source  is  voluminous,  occupying 
practically  the  whole  volume  of  the  second  chamber  compartment;  the  neutron  generation 
process  duration,  2  ps,  does  not  allow  to  use  verified  measuring  techniques  both  for  pulsed 
and  continuous  systems. 

Under  these  conditions  it  was  suggested  that  plasma  ion  temperature  should  be 
measured  using  the  differences  in  DT  and  DD  -  reaction  rate  dependencies  on  ion  temperature. 

Deuterium-tritium  mixture  of  50/50%  ratio  as  a  most  productive  in  the  number  of 
generated  neutrons  was  usually  used  in  the  high-temperature  plasma  experiments.  The 
dominant  reaction  in  this  mixture  is  the  D  and  T  nuclei  reaction,  D(T,n)He4+17.6  MeV.  DD 
and  TT  type  reactions  concurrently  proceed,  however,  on  the  background  of  TD  they  are 
practically  insignificant.  Among  the  reactions  attended  with  neutron  radiation  the  reaction 
D(D,n)He3+3.27  MeV  is  the  closest  by  reaction  rate.*  When  plasma  ion  temperature  is  3  keV 
the  DD  reaction  rate  is  128  times  less  than  the  DT  rate.  Taking  into  consideration  less  detector 
sensitivity  to  DD  neutrons,  on  the  oscillograms  for  equicomponent  DT  plasma  the  DD  pulse 
amplitude  appears  850  times  lower  than  from  DT  neutrons.  At  this  ratio  in  the  DT  50/50% 
experiments  the  DD  pulse  is  completely  lost  in  scattered  neutrons  from  the  DT  reaction  and  is 
practically  invisible. 

To  secure  the  possibility  of  measurements,  it  was  suggested  that  the  ratio  of  the  number 
of  nuclei  in  the  D  and  T  -  mixture  should  be  changed  in  order  to  obtain  equal  amplitudes  of 
pulses  from  DD  and  DT  neutron  detectors.  Simultaneous  DD  and  DT  recording  was  intended 
to  be  made  with  scintillation  plastic  detectors  with  neutron  pulse  separation  by  time  of  flight. 

Oscillograms  with  three  pulses  of  approximately  equal  amplitudes  from  gamma  quanta 
and  DT  and  DD  neutrons  were  expected  in  the  experiment  .  The  principal  experiment  result 
should  have  been  the  measured  ratio  of  DT  and  DD  pulse  areas  appropriately  recalculated  to 
the  reaction  rate  ratio  and,  eventually,  to  plasma  temperature. 

A  feature  of  the  reaction  rate-temperature  ratio  dependence  used  is  its  nonuniqueness. 
With  increasing  temperature  the  ratio  increases,  reaches  its  maximum  at  14  keV  and  then 
decreases.  Thus,  the  experiment  may  result  in  ambiguity.  For  example,  when  the  measured 
ratio  is  120  the  temperature  may  be  both  3  and  35  keV. 

3.  EXPERIMENT  RESULTS 

Fig.  2  gives  the  oscillogram  obtained  in  the  experiment .  The  experiment  was  made  on 
DT  mixture  with  the  ratio  of  the  number  of  nuclei,  T :D,  1 :991 .  The  ratio  error  was  0. 1 5%  . 

On  the  oscillogram:  the  first  pulse  is  gamma;  the  second  is  DT  neutrons,  energy  14.1 
MeV;  the  third  is  DD  neutrons,  energy  2.45  MeV. 

The  measured  integral  ratio  of  DT  and  DD  reaction  rates  was  139. 


‘  Hereinafter  by  the  DD  reaction  rate  is  meant  <av>£,(|  for  the  neutron  channel,  by  the  DT 
reaction  rate  <av>dt 
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Fig.  2.  Oscillogram  obtained  in  the  experiment  with  the  nuclei  ratio 
T:D  of  1:991. 


Neutron  flux  attenuation 
and  scattering  on  the  device 
elements,  attenuation  in  air, 
spectral  characteristics  of  the 
detectors  were  taken  into 
account. 

In  the  experiment  DD 
pulse  duration  was  considerably 
longer,  this  is  noticeable  even 
by  eye.  For  temperature  -3  keV 
we  should  have  obtained 
practically  identical  3  pulses.  In 
effect  we  have  three  different 
pulses. 

The  first  hypothesis  is  that 
the  scattered  radiation  effect 
resulted  in  abrupt  DD 


broadening.  The  hypothesis  can  be  easily  verified:  transfer  the  gamma  pulse  to  the  time  equal 
to  the  time  of  neutron  delay  relative  to  y  quanta  on  the  base  of  129  m  and  superpose  this  on  the 

neutron  pulse:  the  result  of  the 
superposition  is  given  in  Fig. 
3. 

Scattered  neutron 

radiation  can  only  lag  behind 
the  primary.  So,  all  the  leading 
pulse  elements  can  not  result 
from  scattering.  It  becomes 
fairly  evident  that  we  are 
dealing  with  more  energetic 
ions  than  it  seemed.  An 
attempt  to  describe  the 
observed  DD  pulse  broadening 
with  temperature  dispersion 
results  in  the  plasma 
temperature  estimate  of  ~35 
keV.  This  estimate  is  in  good  agreement  with  the  measured  reaction  rate  ratio.  The  ratio  139 
approximately  corresponds  to  30  keV  of  plasma  temperature  . 

Thus,  we  are  brought  as  if  into  the  second,  descending  half  of  the  reaction  rate- 
temperature  rate  ratio  dependence,  provided,  of  course,  we  try  to  retain  the  temperature  notion 
itself  In  the  described  experiment  the  direction  to  the  detectors  was  75  degrees  to  the  chamber 
axis  (almost  perpendicular).  This  direction  was  not  chosen  premeditated.  The  question,  that 
was  occur  just  after  first  looking  to  results,  is:  what  will  we  see  along  the  axis  of  the 
chamber?  It  was  the  main  goal  of  shot  2. 


Comparision  DD  and  gamma  by  time  of 
flight. 


Fig.  3.  Result  of  gamma  pulse  and  DD-pulse  superposition  in  time  . 


SHOT  '2. 

Fig.  4  gives  the  neutron  pulse  oscillogram  in  experiment  *2  recorded  by  a  detector  129 
m  off,  located  in  the  direction  along  the  chamber  axis.  That  time  the  experiment  was  made  on 


pure  deuterium. 
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The  measured  results  were 
still  more  surprising.  In  Fig.  4  at 
the  neutron  pulse  front  a 
protruding  "nose"  of  neutrons  of 
considerably  higher  energy  (3 
MeV)  is  clearly  seen.  The 
quantitative  estimate  of  the 
fraction  of  these  neutrons  is  10%. 
The  estimate  correlates  with  the 
10%-  estimate  of  the  number  of 
neutrons  generated  in  the 
chamber  nozzle  by  the  results  of 
neutron  source  image  processing 
in  the  DT  gas  experiments  [1].  It 
would  be  logical  to  relate  the  3 
MeV  neutrons  with  the  neutrons  generated  in  the  chamber  nozzle.  To  generate  a  neutron  of  3 
MeV  energy  at  collision  with  an  immovable  deuton,  the  deuton  should  be  of  170  keV  energy 
or  the  neutrons  should  be  emitted  in  flow  of  material  moving  at  a  velocity  of  2.3  •  1 0*  cm/s. 

Energetic  dispersion  for  the  bulk  of  the  neutrons  is  the  same  as  in  the  first  experiment. 

4.  INTERPRETATION  OF  RESULTS 

The  obtained  new  results  may  be  treated  differently.  There  is  no  complete  unanimity 
among  the  authors  of  this  paper,  but  as  one  of  possible  options,  the  proposed  interpretation  of 
the  results  is  admitted  by  everybody. 

The  DD  pulse  broadening  found  in  the  experiments,  at  first  sight,  is  contradictory  to 
theoretic  representations  and  MHD  computations  of  plasma  chamber  operation  [1]  where 
characteristic  temperatures  of  ion  plasma  components  are  several  keV.  An  important  fact 
accounting  for  this  contradiction  is  that  the  shock  wave  where  plasma  is  heated  is  collislonless 
(CSW)  and  ion  distribution  in  hot  plasma  is  not  necessarily  Maxwellian  when  ion  relaxation 
times  are  large  (which  is  the  case  in  our  experiments,  particularly  for  the  fastest  ions)  Only  for 
the  Maxwellian  distribution  the  distribution  of  relative  ion  velocities  and  the  distribution  of 
mass  centers  of  colliding  ions  are  independent,  therefore,  despite  the  fact  that  the  principal 
contribution  to  the  number  of  DD  reactions  is  made  by  the  most  energetic  ions,  the  mass 
center  distribution  determining  the  neutron  spectrum  broadening  depends  only  on  ion 
temperature.  The  situation  changes  if  we  have  an  ion  spectrum  with  a  larger  fraction  of  fast 
ions  as  compared  to  the  Maxwellian  distribution.  In  this  case  the  fastest  ions  making  the  main 
contribution  to  the  DD  reaction  will  also  determine  the  neutron  spectrum  broadening.  At  equal 
mean  ion  energy  the  neutron  spectrum  can  be  broadened  much  more  than  for  the  Maxwellian 
spectrum. 

Consider  our  plasma  from  this  standpoint.  In  paper  [3]  ion  distribution  by  relative 
velocities  was  obtained  using  numerical  simulation  for  a  perpendicular  CSW  with  the  Alfven- 
Mach  number  M=2.6  which  may  be  considered  as  representative  for  CSW  in  our  chamber. 
This  distribution  is  given  in  Fig.  5.  For  comparison  the  same  figure  gives  distributions  by 
relative  velocities  for  two  particles  obtained  for  one-particle  Maxwellian  distribution 


Shot  2,  oscillogram  DD,  detector  129  m. 


Fig.  4.  Oscillogram  obtained  in  the  pure  deuterium  experiment . 
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and  for  one-particle  ion  distribution  reducing  for  high  velocities  according  to  the  power 


where 


^VW^20e 


(s  -  mean  ion 


V  energy  equal  for  all  three  distributions;  at  the 

0  ,  V  >  numerical  simulation  ion  velocities  had  only  two 

components  perpendicular  to  the  magnetic  field) 
Comparison  of  these  curves  shows  that  the  ion  distribution  obtained  at  the  numerical 
simulation  severely  differs  from  the  Maxwellian,  contains  a  "tail"  of  fast  ions  and  is  fairly 

well  described  using  distribution  (1) 

In  order  to  find  out  if  distribution  (1)  with 
reasonable  temperature  values  (since  distribution 
°  *  T7  I  I  I  I  I  I  '  (1)  is  not  Maxwellian,  by  temperature  we  mean  the 

M  2  i  '  i  measure  of  average  energy,  i.e.  for  the  velocity 

06  ■■  I  v(T  \ _ i _ L _ i . .  distribution  isotropic  in  space  T  =  2  /  38  )  can  lead 

!  I  i  i  to  the  DD  pulse  broadening  observed  in  the 

I  !  I  i  experiments,  numerical  computations  of  DD 

04 .  ^  \  ^  i _ I _ I _  neutron  yield  at  a  given  ion  distribution  type  were 

/  i~  Vj  I  I  I  made.  In  doing  so  the  following  effects  were  taken 

/  \  \  i  {  I  into  consideration:  actual  dependence  of  the  DD 

Q ;  /  \  \ _ I _ i _  reaction  cross  section  on  energy  [4],  impact  on 

7  \  \  !  !  energy  of  neutrons  emitted  in  various  directions, 

/  I  j  velocities  of  mass  centers  of  colliding  ions  and 

0  '  I  I  - r - i  their  relative  velocities,  and  device  smearing  of 

0  1  2  3  4  5  6  7  neutron  pulses  detector. 

Fig^  5.  Ion  distribution  by  relative  veloc’fe  v  As  for  the  "nose"  in  the  second  experiment, 

behind  the  front  of  the  perpendicular  CSW  to  account  for  this,  one  is  forced  to  assume 
with  the  Alfven-Mach  number  M=2.6  (c^-  presence  of  a  small  amount  of  plasma  moving 

^“>"8  •»=  axis  z  at  a  velocity  of  -2.10>  cm/s.  We 
for  power  law  (1),  3-Maxwellian  suggested  that  these  neutrons  are  generated  in  the 
distribution.  nozzle  region  in  plasma  flowing  at  large  velocities 

near  the  internal  electrode-anode  (where, 
according  to  our  calculations,  plasma  is  rarefied  and,  hence,  moves  at  a  high  velocity  which 
can  also  be  promoted  by  the  Hall  effect  [6])  This  plasma  is  heated  due  to  friction  on  the 
electrode  and/or  due  to  development  of  turbulence  resulting  from  the  Kelvin-  Helmholtz 
instability  caused  by  large  velocity  difference  across  the  nozzle.  Thus,  it  was  believed  that 
some  small  fraction  of  neutrons,  a,  at  the  forward  pulse  front  is  generated  in  plasma  moving  at 
a  velocity  of  u  from  collision  of  ions  which  have  isotropically  distributed  velocities  u  relative 
to  the  plasma  with  cold  ions  of  the  main  flow.  An  explanation  for  existence  of  such  large 
plasma  flow  velocities  is  not  provided  in  the  MHD-  computations  of  plasma  chamber 
operation.  One  of  possible  hypotheses  which  might  lead  to  so  large  velocities  suggests 
presence  of  low-density  residual  deuterium  plasma  which  remains  in  the  first  compartment 
after  outflow  of  the  bulk  of  the  plasma  and  flows  after  the  bulk  of  the  plasma  at  higher 
velocities. 


Fig.  5.  Ion  distribution  by  relative  velociir^s 


for  power 
distribution. 
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Taking  into  consideration  all  of  the  above,  we  assumed  that  in  both  the  experiments 
a=0.06,  u=2.210*  cm/s,  maximum  ion  "temperature  is  5.5  keV,  ion  distribution  for  the 
main  pulse,  l-a=0.94,  is  described  with  distribution  (1) ,  and  the  time  history  of  temperature 
for  both  the  experiments  is  shown  in  Fig.6.  (for  comparison  the  figures  also  present  the  initial 
non-  broadened  neutron  distributions  vs  the  times  of  DD-  neutron  arrival  at  the  pickups). 


5 


Fig.  6.  Ion  "temperature"  T  vs  time  in  experiments 
No.l(a),No.2(b).  Initial  non-broadened 
neutron  distributions  Ntt  vs  times  of  DD- 
neutron  arrival  at  the  pickup  are  also  given. 
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(solid  line)  and  computations  (dotted  line), 
(a)  experiment  No.l,  (b)  -  experiment  No.2. 


The  obtained  time  dependence  of  DD-pulses  is  shown  in  Fig. 7.,  for  comparison  the 
same  figures  give  the  experimental  curves  of  DD-pulses.  From  the  figures  it  is  seen  that  the 
forward  fronts  of  the  obtained  pulses  are  in  good  agreement  with  the  experiment. 


CONCLUSION 

Using  the  time-of-flight  technique  for  the  MAGO  chamber,  even  though  the  generated 
neutron  pulse  is  of  large  duration,  is  still  worthwhile  on  DD  and,  possibly,  on  DT.  Using  this 
technique  proved  surprisingly  productive.  The  obtained  neutron  pulse  dispersion  was  an  order 
of  magnitude  superior  to  the  expected  values.  A  certain  fraction  of  neutrons  of  pronounced 
energy  anisotropy  was  also  detected.  About  10%  of  neutrons  escaping  ahead,  along  the 
chamber  axis  have  a  considerable  excess  in  energy.  Unfortunately,  it  was  yet  impossible  to 
verify  that  the  anisotropy  fact  is  not  coincidental  for  the  two  above-described  experiments.  To 
confirm  this,  an  experiment  is  required  with  simultaneous  measurement  of  spectra  along  the 
chamber  axis  and  in  the  perpendicular  direction. 

The  obtained  results  provide  a  basis  for  planning  special  diagnostic  experiments  on 
neutron  spectra  recording  with  the  time-of-flight  method.  Evident  therewith  becomes  the  need 
of  separate  study  of  the  nozzle  region  and  the  central  chamber  region  In  two  perpendicular 
directions.  It  is  possible  to  separate  temporal  processes  from  dispersive  only  using  a  great 
number  of  detectors  on  flight  bases  of  50-300  m. 
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The  measured  results  for  spectra  of  neutrons  generated  in  DT  and  DD  reactions  may  be 
basically  explained  if  one  assumes  that  the  ion  plasma  component  produced  in  a  CSW  in  the 
MAGO  chamber  has  the  non-  Maxwellian  distribution  by  velocities  at  characteristic  mean  ion 
energies  on  the  order  of  several  keV. 

The  obtained  results  provide  information  about  ion  distribution  behind  the  front  of  the 
perpendicular  CSW  with  the  characteristic  Alfven-Mach  numbers  of  M~3. 
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One  of  the  difficulties  of  light  ion  beam  fusion  is  to  propagate  the  beam  in  the  reactor  cavity  and 
to  focus  the  beam  on  the  target.  The  light  ion  beam  has  some  local  divergence  angle  because  there  are 
several  causes  for  divergence  at  the  diode.  The  electrostatic  force  induced  at  the  leading  edge  causes 
the  beam  divergence  during  propagation.  To  confine  the  beam  in  a  small  radius  during  propagation,  the 
magnetic  field  must  play  a  role.  Here  electron  beam  is  proposed  to  be  launched  simultaneously  with  the 
launch  of  proton  beam.  If  the  electron  beam  has  the  excess  current,  the  beam  induces  the  magnetic  field 
in  the  negative  azimuthal  direction,  which  confines  the  ion  beam  in  a  small  radius  by  the  electrostatic 
field  as  well  as  the  electron  beam  by  the  Lorentz  force.  The  metal  guide  around  the  beam  path  helps 
the  beam  confinement,  and  reduces  the  total  amount  of  magnetic  field  energy  induced  by  the  electron 
current. 


1.  INTRODUCTION 

PBFA-n  in  Sandia  National  Laboratory  has  started  to  be  used  for  the  experiment  of  beam-target 
interaction^’^^ 

Here  proton  beam  is  chosen  as  energy  driver^^.  The  optimum  particle  energy  of  a  proton  for  IGF 
is  4MeV^^.  In  order  to  launch  a  large  amount  of  beam  energy  such  as  12MJ  to  the  target,  the  beam 
current  becomes  strong,  and  the  local  divergence  angle  remains  not  small.  Sandia  shows  that  the  limiter 
set  in  the  diode  decreases  the  electron  current  along  the  cathode  surface  of  the  diode,  which  suppresses 
an  instability  in  the  diode  and  reduces  the  local  divergence  angle  of  the  lithium  beam^\  Even  with  the 
smaller  emittance  of  the  beam,  however,  it  is  difficult  to  launch  the  beam  for  several  meters  in  the  reactor 
cavity  from  the  diode  to  the  target  with  the  ballistic  way.  It  seems  to  be  inevitable  to  utilize  magnetic 
field  in  order  to  propagate  LIB  confined  in  a  small  radius. 

General  talks  including  research  history  were  given  for  transport  and  focusing  of  LIB6,  7).  NRL  tried 
to  propagate  proton  beam  in  a  plasma  channel®^  A  strong  current  flowed  in  the  plasma  channel.  Thus 
the  channel  had  the  strong  magnetic  field  in  the  azimuthal  direction  in  order  to  confine  the  proton  beam 
in  the  plasma  channel. 

Sandia  and  NRL  tried  to  propagate  light  ion  beam  around  a  wire,  in  which  a  current  flowed  to 
produce  a  magnetic  field  in  the  azimuthal  direction^^ 

The  group  of  University  of  California  Irvine  investigated  theoretically  the  plasmoid  which  can  propa¬ 
gate  across  magnetic  fields  in  vacuum  and  maintain  both  charge  and  current  neutrality^^di)^  Other  work 
on  collective  focussing  was  reported^^^.  and  experimentally  verified^^^. 

The  ion  charge  at  the  leading  edge  produces  the  electrostatic  field,  causing  the  beam  divergence 

It  seems  to  be  only  one  way  in  order  to  delete  the  ion  charge  at  the  leading  edge  of  propagating 
beam  is  the  simultaneous  launching  of  electron  beam  with  the  launching  of  ion  beam.  The  number 
density  of  electron  beam  is  equal  to  that  of  ion  beam,  and  the  speed  of  electron  beam  exceeds  a  little 
that  of  ion  beam.  Then  the  ion  charge  at  the  leading  edge  always  is  neutralized  by  the  electrons  launched 
simultaneously.  The  excess  electron  current  induces  not  only  the  magnetic  field  in  the  negative  azimuthal 
direction  but  also  the  electrostatic  field  in  the  negative  radial  direction.  The  Lorentz  force  by  the  excess 
electron  current  and  negative  azimuthal  magnetic  field  confines  the  propagating  electron  beam  in  a  small 
radius.  The  pinched  electron  beam  induces  the  negative  radial  electric  field  which  confines  the  ion  beam 
in  a  small  radius,  too. 
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2.  PROPAGATION  OF  PROTON  BEAM  WITH  ELECTRON  BEAM 

A  proton  beam  is  extracted  form  a  diode.  In  order  to  delete  the  proton  charge  at  the  leading  edge 
of  the  beam,  and  to  obtain  the  electric  current  which  induces  the  azimuthal  magnetic  held  to  conhne  the 
beam  in  a  small  radius  by  the  Lorentz  force,  the  electron  beam  is  extracted  simultaneously  from  a  triode. 
The  speed  of  electron  beam  must  exceed  that  of  proton  beam,  too,  to  produce  a  net  negative  current. 

Inside  the  reactor  cavity,  the  radius  of  the  metal  guide  is  6mm.  The  beam  combined  with  proton 
and  electron  is  conhned  in  a  radius  of  rj  =  5mm.  The  proton  beam  current  is  Ip  =  16.6MA  and  its 
mean  propagation  velocity  is  2.768  x  lO'^m/s.  The  mean  number  density  is  Up  ~  4.766  x  lO^^m  The 
number  density  of  electron  beam  is  equal  to  that  of  proton,  ie  =  4.766  x  10^*^m  and  the  charge 
neutrality  of  combined  beam  retains.  The  excess  electron  are  scattered  out  to  the  metal  guide.  Because 
the  electron  beam  launched  from  the  triode  has  a  little  faster  propagation  velocity  Ve  =  2.851  x  10^ 
m/s,  the  electron  beam  current  is  h  =  -17.1MA.  This  excess  electron  current  -SOOkA  of  the  combined 
beam  produces  the  azimuthal  magnetic  field  3$  ==  — 20T  at  r  =  5mm  and  -lOT  at  r  —  2.5mm.  This 
magnetic  field  in  the  azimuthal  direction  confines  the  propagating  combined  beam  in  a  radius  of  5mm. 
The  electron  plasma  frequency  of  the  combined  beam  is  u/e  ==  3.894  x  lO^^rad/s.  On  the  other  hand,  the 
mean  cyclotron  frequency  of  electron  is  =  1.76  x  lO^^rad/s,  and  of  proton  is  ujcp  =  0.96  x  10®rad/s. 
The  mean  gyrofadius  of  electron  is  prc  —  1.621  x  10“^m,  and  of  proton  is  prp  =  2.891  x  10  ^  m.  When 
the  beam  propagates  aucross  the  atimuthal  magnetic  field,  the  radial  electric  field  is  induced.  In  our  case, 
the  mean  intensity  of  the  radial  electric  field  is  Ej  =  2.771  x  10®V/m.  The  energy  of  these  atimuthal 
magnetic  field  and  the  radial  electric  field  is  supplied  by  the  kinetic  energy  of  electron  beam.  The  metal 
guide  restricts  the  space  volume  of  these  induced  fields.  The  small  volume  inside  the  metal  guide  limits 
the  reduction  in  the  electron  propagation  velocity. 

The  electrons  have  the  much  smaller  gyroradius  in  comparison  with  the  beam  radius  except  the 
neighborhood  of  axis  where  no  magnetic  field  exists.  Thus  the  majority  of  electrons  propagates  with 
the  drift  velocity  =  Er/Be  =  2.851  x  lO'^m/s.  The  protons  have  the  comparable  gyroradius  with 
the  beam  radius.  The  gyroradius  of  a  proton  changes  its  radial  position.  According  to  this,  the  proton 
propagation  velocity  does  not  follow  the  drift  velocity  across  the  magnetic  field  and  protons  are  retarded 
after  electrons.  In  such  a  way,  the  net  current  -500kA  due  to  the  excess  electron  propagation  velocity 
maintains  in  the  combined  beam. 

At  the  leading  edge  of  the  beam,  electrons  become  dominant  along  the  axis  whose  distance  is  dzr  = 

1  X  10~®m,  because  of  their  excess  velocity.  The  mean  electron  number  density  there  is  1  x  lO^^m 

They  produce  the  electric  field  E^  in  the  negative  axial  direction  and  Er  in  the  negative  axial  direction. 
The  order  of  magnitude  of  these  electric  fields  are  E^  ~  Er  =  -2  x  lO^V/m.  By  the  action  of  Bg  and 
Ez,  electrons  drift  with  the  velocity  of  Vmr  =  2  x  lO^m/s  to  the  outward  radial  direction  at  the  leading 
edge  of  the  beam.  At  last,  electrons  are  absorbed  in  the  metal  guide. 

It  is  clear  that  our  combined  beam  just  forms  the  z-pinch  plasma,  if  we  observe  this  phenomenon  in 
the  moving  flame  with  the  proton  propagation  velocity.  Surely  the  combined  beam  pinches  to  a  small 
radius,  provided  that  no  instability  occurs. 


3.  SIMULATION 


The  governing  equations  in  order  to  numerically  simulate  the  motions  of  propagating  ions  and  elec¬ 
trons  are  the  Maxwell  equations  for  the  scaler  potential  <f>  and  vector  potential  A, 

>  ^  (1)  =  w 


_r,  I  4,  , 

The  relations  between  electromagnetic  fields  and  potentials  are 


ry  -  r;  I 


(3) 


By(ry,<)  =  Vy  X  Ay(ry,<) 
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(4) 


In  these  equations,  r  is  the  space  vector,  t  the  time,  f-i  the  magnetic  permeability  in  the  vacuum,  Q  the 
charge,  v  the  velocity  vector,  e  the  dielectric  constant  in  the  vacuum,  E  the  electric  field  and  B  the 
magnetic  flux  density.  The  suffix  i  indicates  the  particle  (ion  or  electron)  number.  In  these  equations, 
retarded  effect  on  potentials  is  not  taken  into  account.  The  equation  of  motion  for  ion  or  electron  is 

m;^  =  g;(E,+V,XB,)  (5) 

where  m  is  the  particle  mass. 

Equation  (5)  for  an  ion  which  is  summed  up  by  that  for  an  electron  gives 

j2p 

where  the  pair  particles  Mj,  the  velocity  Vyof  pair  particles,  and  the  current  J;  of  pair  particles  are 
defined  by 

MjzzTnij  +  m^j  (6)  ^  (7)  :i  ■  =  -  y^-)  (8) 

In  eq.  (5’),  the  dependent  variables  are  and  Jy  in  steeid  of  Vjy  and  v^y  in  eq.  (5).  Because  m,y  >>  m^y, 
Wij  in  eq.  (8)  is  substituted  by  Vy  =  dRy/di.  To  stabilize  numerical  results,  it  is  required  to  delete 
the  unreal  electron  thermal  velocity  occurring  by  the  too  strong  interactions  between  super  particles 
which  have  too  large  charges.  Even  with  a  large  thermal  velocity,  electron  Larmor  radii  is  very  small  in 
comparison  with  the  beam  radius  (rj  —  5  mm),  except  the  neighborhood  of  axis.  Therefore  the  electron 
velocity  Vcy  in  eq.  (8)  is  approximated  by  the  drift  velocity  v^y  =  By  x  By/J3y ,  except  the  neighborhood 
of  axis  where  electron  velocity  v^y  is  constant.  Thus  eq.  (8)  reduces  to 

=  QA'/i  -  (S') 

The  electric  field  Ey  is  derived  to 

E,-  =  /  V,  X  ^iV)  X  B,  -  V,-  X  B,'  (9) 

Of  course,  the  electric  field  Ey  derived  by  eq.  (9)  includes  the  electrostatic  component.  In  this  system  of 
equations,  the  scaler  potential  (p  does  not  appear  explicitly,  which  makes  simulation  simple. 

The  axial  magnetic  field  will  stabilizes  the  beam  propagation^^\  as  the  Tokamak  plasma  is  stabilized 
by  the  toroidal  field.  The  axial  magnetic  field  can  be  applied  by  the  electron  azimuthal  current.  The 
beam  propagations  obtained  by  simulations  are  given  in  Figs.l — 2. 


Fig.l.  Ion  pathes. 


Fig. 2.  Ion  positions. 
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These  two  types  of  simulation  indicate  that  proton  beam  with  the  excess  electron  current  is  confined 
in  the  metal  guide  and  can  propagate  to  the  target  without  contact  with  the  wall  of  metal  guide. 

4.  DISCUSSION 

Here  a  super  particle  is  assumed  to  occupy  )Equation  (9)  for  Ej  comes  from  Notwithstanding  these 
difficulties,  simulations  show  that  the  charge- neutral  beam  which  consists  of  proton  and  electron  with 
an  excess  electron  current  confines  the  propagating  beam  in  the  metal  guide.  The  electron  net  current 
induces  the  azimuthal  magnetic  field,  whose  intensity  is  stronger  with  the  increasing  radius  in  the  metal 
guide.  This  azimuthal  magnetic  field  confine  the  beam  electrons  well  in  a  small  radius.  The  pinched 
electrons  produces  the  electric  field  in  the  negative  radi3Ll  direction,  which  confines  the  beam  ions  in  the 
metal  guide. 

When  the  electron  has  a  smaJl  velocity  component  in  the  ^zimuthaJ  direction  around  the  axis,  this 
negative  azimuthal  current  induces  an  axial  magnetic  field,  which  is  stronger  with  the  smaller  radius  in 
the  metal  guide.  The  axial  magnetic  field  similar  to  the  toroidal  field  in  Tokamak  is  expected  to  stabilizes 
the  particle  propagation. 

The  number  density  of  the  background  pla<sma  in  the  metal  guide  should  be  small.  Otherwise, 
electrons  in  the.  background  plasma  cancels  out  the  excess  electron  current  in  the  beam.  The  number 
density  of  the  background  plasma  in  the  metal  guide  must  be  less  than  10^^  particles  per  cubic  meter, 
because  the  beam  number  density  is  5  x  10^^  particles  per  cubic  meter. 

When  the  trailing  edge  of  the  proton  beam  is  on  the  diode  surface,  the  triode  can  supply  the  excess 
electron  current  to  the  beam.  How  is  the  excess  electron  current  supplied  after  the  trailing  edge  of 
the  proton  beam  leaves  the  diode  surface?  The  energetic  electrons  cannot  be  transported  in  the  vacuum 
between  the  triode  and  the  trailing  edge  of  the  proton  beam.  One  idea  to  solve  this  problem  is  to  elongate 
the  pulse  width  of  proton  beam,  although  the  useless  excess  energy  of  proton  beam  is  required. 
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Abstract 

The  energy  loss  of  heavy-ion  beams  (HIB)  is  studied  by  means  of  Vlasov  theory  and 
Particle-in- Cell  (PIC)  simulations  in  a  plasma.  The  interaction  of  HIB  with  a  plasma  is 
of  central  importance  for  inertial  confinemant  fusion  (ICF).  A  number  of  studies  on  the 
HIB  interaction  with  target  plasma  are  found  in  the  literature  [1-4].  It  is  important  for 
heavy- ion  stopping  that  the  effects  of  the  non-linear  interaction  of  HIB  within  the  Vlasov 
theory  are  included.  Reported  are  results  of  a  numerical  study  of  nonlinear  effects  to  the 
stopping  power  for  HIB  in  plasma.  It  is  shown  that  the  PIC  simulations  of  collective 
effects  of  stopping  power  are  good  agreement  of  the  Vlasov  theory. 

Introduction 

The  energy  loss  of  HIB  is  usually  studied  within  the  linear  and  nonlinear  theory  of 
collisions.  On  the  other  hand,  there  exists  some  waves  in  a  plasma.  Therefore,  interest 
arises  in  studying  the  influence  of  waves  in  the  stopping  power  of  the  target  plasma.  In 
this  paper  we  present  results  on  the  study  of  the  collective  phenomena  in  HIB  and  plasma 
interaction. 

The  projectile  energy  loss  due  to  cillisions  is  obtained  by  performing  the  average, 
using  the  known  velocity  distribution  and  integrating  over  the  impact  parameter  for  the 
collisions  [5]; 


where  ks  is  the  Bolzmann  constant,  Vp  is  ion  beam  velocity,  Ve  is  plasma  electron  velocity 
and  T  is  temperature. 

In  the  limit  Vp  Vth,  the  stopping  power; 

dE  __  \6iv}l'^nZ'^e^nrAI'^Vp  r  db  ,  , 

dx  3{2kBT)U‘^  J  b 
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which  is  the  energy  loss  per  unit  of  tragectory  length  in  the  plasma.  One  can  cut  off  the 
impact  parameter  at  some  value  bmin,  which  is: 

b,nin  =  (4) 

One  can  introduce  another  cut  off  at  a  maximum  impact  parameter  bmax- 


where  Up  is  the  plasma  frequency; 


Up  =  {47me^/m) 


2/.rr>^V2 


Inserting  Equations  (5)  and  (6)  as  the  lower  and  upper  limits  of  the  integration  in  Equation 
(3),  we  get 

dE  ld'K^^'^nZ'^e‘^rn^^'^Vp 

^  - — -InA  (7) 


3{2kBTf/^ 


,  .  I  bmax  I  fQ\ 

InA  =  In- - =  In  (oj 

bmin  Ze^l^kBT 

InA  is  the  Coulomb  logarithm  of  the  collisions. 

We  next  examine  the  opposite  extreme  limit,  Vp  Vth-  The  energy  loss  of  the  ion 
in  a  Coulomb  collision  characterized  by  an  impact  parameter  b  is  then: 


ilE{b) 


mv^  6^  +  {Ze^/mv^y 


Integrating  Equation  over  all  impact  parameters  yields: 


dE  2TmZ^e\  (  (mV^b  max 


There  are  two  contributions  to  the  stopping  of  the  projectile.  At  distances  smaller  than 
the  Debye  length,  energy  is  transfered  by  Coulomb  collisions  with  the  electrons,  we  have: 


•  bmax 


collisions 


AnnZ'^e'^  vthj^v 

mVp^  ZeymVp^ 


To  this  we  have  to  add  the  energy  loss  due  to  the  force  exerted  on  the  projectile  by  the 
field.  This  was  found  by  Pines  and  Bohm  to  be  approximately 


collective 


2'KnZe^  (  ^Vp 
- rj;^ln  1  +  - ^ 

mP2  <  t4  > 
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PIC  simulation 

In  order  to  simulate  the  energy  loss  of  HIB,  we  perform  a  numerical  calculation 
using  PIC  code  for  the  beam-plasma  system.  The  code  is  two-dimensional  in  space  and 
velocity,  respectively. 

The  distribution  of  the  projectile  and  plasma  particle  is  determined  by  the  Vlasov- 
Maxwell  equations: 


V  X  E(x,f) 

V  X  E(x,f) 
£oV  ■  E(x,f) 

V-B(x,t) 


=  -|B(x,f) 

=  A<o(tofE(x,f) -f-j(x,f)) 
=  p(x,f) 

=  0 


(14) 


The  normalization  units  are  shown  in  table  1,  and  the  initial  conditions  are  shown 
in  table  2. 


Table  1:  Normalization  units 


space 

c/Wp 

charge 

q 

velocity 

c 

current 

47rnoqc 

time 

s' 

electric  field 

(47rnomeC^)^/^ 

dencity 

no 

magnetic  field 

(47rnomeC^)’-/^ 

mass 

me 

energy 

7io(c/a;p)^mc^/2 

Table  2:  Initial  condisions 


heavy-ion  beam 

target 

species 

Bi 

speces 

Li 

atomic  number 

83 

atomic  number 

3 

continue  time 

10  [ns] 

plasma  density 

1.0  X  10^^  [piece/cm®] 

beam  density 

3.0  X  10^’[piece/cm^] 

plasma  temperature 

1000  [eV] 

energy  of  one  particle 

30  [MeV] 

lengh  of  one  range 

3.0  X  10"’^|cm] 
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Fig.  1  Beam  kinetic  energy  versus  time 


Conclusion 

The  theory  of  HIB  stopping  power  in  plasma  is  developed  on  the  basis  of  the  Vlasov- 
Maxwell  equations.  In  the  interaotion  of  HIB  with  a  plasma,  there  exists  some  waves  in 
a  heated  plasma.  The  stopping  power  is  expressed  in  the  collision  dominant  part  and 
collective  part. 

It  is  shown  that  the  PIC  simulation  of  collective  effects  of  stopping  power  are  good 
agreement  of  the  Vlasov  theory. 
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Abstract 

The  stabilization  mechanism  of  the  filamentation  instability  for  a  light  ion  beam 
(LIB)  penetrating  plasma  is  investigated.  For  the  stabilization  of  the  filamentation  insta¬ 
bility,  an  external  magnetic  field  which  is  parallel  to  the  direction  of  the  light  ion  beam 
propagation  is  applied.  From  a  dispersion  relation,  linear  growth  rates  of  filamentation 
instabilities  are  obtained  in  a  light  ion  beam-plasma  system  with  an  external  magnetic 
field.  Numerical  simulations  are  carried  out  using  a  particle-in-cell  (PIC)  method.  The 
stabilizing  mechanism  of  the  filamentation  instability  is  described.  The  theory  and  simu¬ 
lation  comparisons  illustrate  the  results. 

Introduction 

In  the  investigation  of  the  inertial  confinement  fusion  by  it  is  the  central 

problem  to  propagate  the  beam  stably  through  the  plasma.  There  are  many  investigations 
of  numerous  instabilities  in  relativistic  electron  beam,  heavy  ion  beam  and  light  ion  beam 
propagations>3-^l.  Filamentation  instability^!  is  one  of  the  instabilities  which  is  deleterious 
in  the  stable  propagation  of  the  beam  through  the  plasma.  Recently,  the  application  of  the 
external  magnetic  field,  which  is  induced  by  the  rotating  light  ion  beams!®!  or  generated  by 
using  an  intense  laser  beam!^!,  has  been  proposed  for  stable  propagation  of  the  beam.  In 
this  paper,  we  report  on  numerical  studies  of  the  stabilization  of  filamentation  instability 
in  a  light  ion  beam-plasma  system  with  an  external  magnetic  field  which  is  parallel  to 
the  direction  of  the  light  ion  beam  propagation.  We  only  consider  the  model  of  spatially 
infinite  collisionless,  charge,  and  current  neutral  system  with  light  ion  beam  propaga¬ 
tion  velocity  Vzb  background  plasma  at  V zs  of  species  s  =  e  (plasma  electrons) 
or  i  (plasma  ions)  along  Bq  which  is  an  external  magnetic  field  in  the  z-direction.  We 
only  consider  electromagnetic  modes  with  wavenumber  kx  normal  to  V zOt  induced  elec¬ 
tric  fields  5E  parallel  to  Vzb  and  induced  magnetic  fields  SB  normal  to  both  Vzb  and  6E. 
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The  Dispersion  Relation  for  the  Filamentation  Instability 

The  dispersion  relation  for  the  filamentation  instability  has  been  iiu'estigated  for 
a  beam-plasma  system  with  external  magnetic  field.  For  a  monoenergetic  beam  with 
Maxwellian  thermal  spread  Vtu  of  transv'erse  velocities,  and  a  background  plasma  with  a 
Maxwellian  thermal  spread  vts  (s=e,i),  assuming  that  the  ion  beam  density  m  is  smaller 
than  the  background  electron  density  the  relativistic  linear  dispersion  relation  for  the 
filamentation  instability  is  given  byl^’^l 


uj  =  C 


+ 


E 


U). 


PJ 


+  E 

j=b,e,t 


CO. 


PO 


{u-L 


-  (ni.  -  n-y 


(1) 


where 


OJrj  — 


1  + 


2lo 


1/2N 


Pj  n1 


bJ. 


m  -  u) 


cj 


(2) 


(W,  -  n-y  =  -  /,„))  ,  (3) 

AtTTI  ‘6^ 

fm  =  -{Y.nkekPh)/{nbeb0b),  J (4) 

k-Q  i  ^'^3 

In  equations  (1),(2),(3)  and  (4),  I  is  the  azimuthal  harmonic  number,  rrij  the  mass, 
£j  =  sgn(ej)’,  oJcj  =  |ej|5o/myC  ,  pjC  =  Vzj  and  fm  is  the  fractional  current  neutral¬ 
ization  by  the  background  plasma  for  a  charge  neutralized  system.  From  equation  (1),  we 
expect  that  the  maximum  growth  rate  of  the  filamentation  instability  is  stabilized  by  the 
external  magnetic  field  and  the  beams  can  propagate  without  triggerring  the  filamenta¬ 
tion  instability  or  with  having  sufficiently  slow  filamentation  growth. 


PIC  Simulations 

In  order  to  simulate  a  filamentation  instability,  we  perform  a  numerical  calculation 
using  an  electromagnetic  particle  in-cell  codet^°l  for  the  beam-plasma  system.  The  code 
is  two-dimensional  in  space  and  velocity,  respectively.  The  external  magnetic  field  Bq  is 
in  the  z-direction  and  the  induced  electric  and  magnetic  fields  are  respectively  indicated 
hy  E=  (0, 0,  E;,)  and  B  =  {B^,  By,  0).  The  simulation  is  performed  under  the  conditions 
that  the  grid  spacing  is  0.2c/ujpe,  the  time  step  is  O.luj-f,  the  length  of  simulation  range 
is  3.2cjupe,  the  number  of  ion  beam  simulation  particles  is  2500,  the  number  of  plasma 
electron  simulation  particles  is  7500,  and  the  number  of  plasma  ion  simulation  particles  is 
5000.  We  choose  the  following  parameters  (ensuring  current  neutrality);  vrb  =  y/Tb/mb  - 
0.001c,  VTj  =  y/Tj/rrij  =  0.01c  {j  —  e,i),  Vzb  —  0.1c,  Vze  —  l/30c  and  14;  =  0  .  As 
periodic  boundary  conditions  are  used  at  the  ends  of  the  simulation  region,  the  results  do 
not  depend  on  the  choice  of  the  simulation  range  which  is  small  in  comparison  with  the 
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Fig.  1.  Energies  of  induced  magnetic  fields  at  the  linear  stage 
with  (a)  By {ATrneme(?Y^‘^  =0,  (b)  By {ATxnemeC?Y^'^  =0.02 
and  (c)  By =0.2. 


Table  1.  Maximum  growth  rates  of  the  filamentation 
instability  75  are  the  maximum  growth  rates  by 
using  PIC  code  and  7t  are  these  6y  the  theory. 


ByyA-KriQm^c-) 

7s  Ke) 

7t(t^pe) 

0.00 

7.07x10-3 

2.041x10-3 

0.01 

6.99x10-3 

1.910x10-3 

0.02 

5.60x10-3 

1.127x10-3 

0.03 

1.67x10-3 

0.000 

0.04 

1.67x10-3 

0.000 

0.05 

1.43x10-3 

0.000 

0.06 

1.06x10-3 

0.000 

0.07 

1.06x10-3 

0.000 

0.08 

3.34x10-'^ 

0.000 

0.09 

3.61  xlO-'* 

0.000 

0.10 

2.13x10-'^ 

0.000 
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beam  radius.  The  wavelength  of  the  most  unstable  mode  in  the  simulations  and  from  the 
analytic  theory  is  smaller  than  the  beam  radius. 

Induced  magnetic  fields  for  Bq! =0,  0.02  and  0.2  at  the  early  stage 
are  plotted  in  Fig.l.  In  Table  1,  the  maximum  growth  rates  75,  which  are  obtained  by 
using  the  PIC  code,  and  7*,  which  are  obtained  from  equation  (1),  are  shown  at  the 
external  magnetic  field  Bq.  The  maximum  growth  rates  from  the  simulations  are  about 
2  ~  3  times  more  than  these  from  the  theory  in  Table  1.  There  is  a  discrepancy  be¬ 
tween  the  growth  rates  in  the  theory  and  simulations  because  the  theory  is  in  cylindrical 
symmetric  coordinates  and  simulation  is  in  cartesian  coordinates,  as  well  as  the  current 
neutralization  is  not  complete  in  the  simulations.  If  we  take  the  effect  of  fractional  current 
neutralization  into  account,  the  growth  rate  in  the  theory  start  decrease^®!  and  the  theory 
will  be  consistent  with  the  simulations.  From  these  results,  the  filamentation  instability 
is  stabilized  by  the  external  magnetic  fields.  If  we  assume  the  magnetic  field  is  a  result 
from  the  beam  rotation,  we  must  treat  the  beam  as  rotating  and  investigate  the  focusing 
of  the  rotating  beam.  The  three  dimensional  PIC  simulations  including  the  effects  of  the 
beam  rotation  will  be'  reported  in  a  future  work. 

Conclusion 

We  will  discuss  the  results  for  an  expected  experiment,  i.e.  for  a  typical  beam  of 
5MeV  (14=0.  Ic)  protons,well-pinched  ion  current  of  0.5MA  («(,  =  10^® cm“^)  and  40nsec 
beam  duration  r.  If  we  apply  an  external  magnetic  field  BQ=Q.2y/^rm^rT^  th  3.5tesla 
(ne=3xl0^^cm“^)  to  the  beam-plasma  system,  the  maximum  growth  rates  of  the  fila¬ 
mentation  instability  become  75=8.0xl0~®a;pe  2.5  x  10’’sec“P  The  largest  growth  will 

appear  at  the  tailend  of  the  beam,  we  estimate  the  effect  at  the  tailend  to  be  the  value 
of  75r.  Consequently,  the  beams  can  propagate  stably  through  the  plasma  by  the  ex¬ 
ternal  magnetic  fields  with  a  small  growth  rate  since  75r=0.98  which  is  small  e- foldings. 
Consequently,  the  filamentation  instability  may  be  stabilized  by  the  external  magnetic 
field. 
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Since  its  inception  [1]  in  1994,  the  so-called  Fast  Ignitor  Scenario  (FIS)  proposed  to  ease 
the  indirect  drive  approach  to  inertial  confinement  fusion  [2]  of  hollow  pellet  containing  the 
thermonuclear  fuel  deuterium  +  tritium  (DT)  has  been  the  object  of  many  intensive 
investigations. 

Most  of  them,  conducted  through  numerical  simulations  [3-5],  have  already  addressed 

10^^ 

basic  issues  concerning  the  capability  of  ultrafast  lasers  with  irradiance  I  ^  Iig  =  — r  ’ 

cm 

a  channel  in  the  corona  of  the  precompressed  target  fuel.  The  latter  is  expected  to  be  prepared 
through  powerful  lasers  [2]  or  intense  heavy  ion  beams  [6]  suitably  synchronized.  This  novel 
and  time  segmented  scenario  [1],  has  to  be  appreciated  as  the  latest  sophistication  elaborating 
upon  the  already  overexploited  disparity  between  the  cheap  compression  cost  (-n^/^-i.ixlO^ 
J/g)  of  strongly  degenerate  Fermi  electrons  and  the  high  toll  requested  for  plasma  heating 
(~6x108  J/g). 

Our  main  concern  in  the  present  work  is  the  efficiency  of  the  relativistic  electron  beams 
(REB)  in  the  MeV  energy  produced  by  the  ultrafast  lasers  currently  under  development  [7]. 
More  specifically,  we  intend  to  critically  investigate  the  REB  capabilities  to  igniting  hot  spots 
weU  localized  within  the  overall  supercompressed  DT. 


*  Peraianent  address:  LPGP  (URA  073  CNRS),  Bat.  212,  Universit6  Paris  XI,  91405  ORSAY,  France 
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Following  recent  numerical  simulations  [3-5],  we  take  it  for  granted  that  the  REB 
propagation  may  be  approximated  in  a  cylindrical  geometry  on  an  acceleration  distance 
~  200  |im  through  a  very  steep  density  gradient  [8].  Nonetheless,  we  shall  work  our  model  in 
a  homogeneous  approximation  with  a  fixed  beam  density  nb  and  a  target  plasma  density  np. 

FIS  prescriptions  [1]  recommend  a  3  kJ  REB  energy  at  1  MeV  for  hot  spot  ignition.  This 
amounts  to  a  current  ~  3x10^  Amp.  Considering  a  compressed  core  radius  o  =  50)im  a 
plausible  channel  radius  a  =  ^  yields  an  average  beam  density  nb  ~  1.3x10^2  e-cm’^.  It  should 
also  be  noticed  that  a  300  g/cc  DT  core  at  the  usual  5  keV  temperature  [2]  appears  as  a  fully 
ionized  and  weakly  couplet  (A  ~  SxlO'^)  hydrogenic  plasma  with  np  ~  lO^^  e-cm'^. 

The  ratio  —  <  10“^  demonstrates  that  in  spite  of  its  huge  current  the  REB  should  be 

np 

taken  dilute  in  the  overcompressed  target  with  a  mean  electron  interdistance  larger  by  a  good 
order  of  magnitude  compared  to  that  in  the  target.  The  REB-target  interaction  is  then  reducible 
to  that  of  a  linear  superposition  of  isolated  charges.  Focussing  attention  on  the  most  significant 
stopping  mechanisms,  we  include  binary  electron-electron  collisions  through  a  plasma-adapted 
M0ller  expression 


dx 


27tnpe 

mplJ^c^ 


4  r 


X 


^n-J— -t-0.125f 


2x 


mm 


T  +  1 


(x  +  lf 


with  tmin  =  ratio  of  projectile  electron  wavelength^  to  target  Debye  length  x  =  y-l 

V  /  .  . 

in  terms  of  the  usual  Lorentz  parameters  P  =  Y  =  >  ^nd  the  excitation  of 

Langmuir  collective  modes 


dE_2xnpe\_^r  y 


in  terms  of  the  target  electron  plasma  frequency  (Dp. 
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stopping  Time  in  sec  Range  (microns) 


0.4  0.6  0.8  1  1.2  1.4  1.6 


T(MeV) 

Figure  1-  (a)  REB  range  R  (|J.m)  and  maximum  penetration  depth  iQ  (cm)  in  a  300  g/cc  DT 
target  at  5  keV  and  0.5  <  T  (MeV)  <  1.5  ;  (b)  corresponding  stopping  time  tstop- 
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Penetration  Depth  (microns) 


We  are  entitled  to  restrict  to  a  continuous  slowing  down  approximation  because  large  and 
sudden  energy  losses  are  likely  to  happen  very  rarely.  However,  in  contradistinction  to  the 
simpler  ion  stopping  case  we  have  to  give  up  the  straight  line  approximation  for  the  projectile 
trajectory.  Due  attention  has  now  to  be  paid  to  the  quasielastic  and  highly  erratic  motion  of  the 
relativistic  electrons  experiencing  multiples  scattering  on  target  ions.  Such  a  process  is 
essentially  quantified  by  the  square  average  deflection  per  unit  path  length  (Z=l,  A=2) . 

Energy  lost  to  target  electrons  is  treated  through  binary  collisions  and  Langmuir  wave 
excitation.  The  overall  penetration  depth  is  determined  by  quasielastic  and  multiple  scattering  on 
target  ions  (see  Figs.  1).  It  thus  appears  possible  to  ignite  efficient  hot  spots  in  a  target  with 
density  larger  than  300  g/cc. 
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Complementing  the  diode  and  beam  transport  optimization  studies  currently  performed  in 
FZK/Karlsruhe  on  the  proton-beam-facility  PROFA  [1,2],  side  investigations  were  run  at  the  St. 
Petersburg  State  University  which  focused  on  ion  beam  divergence  and  composition  measure¬ 
ments  using  TOF  techniques.  To  ensure  direct  transferability  of  the  results  to  the  PROFA  facility, 
these  measurements  were  made  on  a  scaled  down  replica  of  the  PROFA  diode,  comprising  an  ar¬ 
ray  of  small  polyethylene  flash-over  plasma  sources  and  a  grid  extraction  system.  Presented  here 
are  only  the  results  of  the  beam  composition  measurements,  which  allow  the  following  conclu¬ 
sions:  (i)  The  ion  beam  contains  H  and  C  ions  and  heavier  constituents  that  still  have  to  be  identi¬ 
fied.  (ii)  The  beam  composition  changes  significantly  with  the  total  number  of  shots:  While  in  the 
start  phase  of  the  experiments  H*  ions  predominated,  heavier  components  outweighed  these  later 
on  in  the  experiments,  supposedly  due  to  hydrogen  depletion  of  the  surface  layer  of  the  anode 
polyethylene  units,  (iii)  Reconditioning  of  the  polyethylene  units  seems  possible  by  running  the 
diode  at  higher  currents  (self  cleaning)  or  by  cutting  off  a  surface  layer. 


1.  INTRODUCTION 

One  of  the  ITER-related  topics  pres¬ 
ently  studied  at  FZK/Karlsuhe  is  the  feasi¬ 
bility  of  the  production  and  focusing  of  an 
intense  (~  1  kA),  pulsed  (>  lOps),  low  ki¬ 
netic  energy  (10-30  keV)  proton  beam,  suit¬ 
able  for  the  investigation  of  ITER  divertor 
erosion  under  plasma  disruption  conditions. 
As  part  of  these  studies  the  proton  beam 
facility  PROFA  was  built,  serving  for  the 
development  and  optimization  of  suitable 
methods  for  proton  beam  production  and 
focusing.  Optimal  results  were  accom¬ 
plished  when  the  proton  beam  was  pro¬ 
duced  using  a  multi  arc  ion  source,  in  which 
the  source  plasma  is  generated  by  synchro¬ 
nous  ignition  of  an  array  of  flash-over  dis¬ 
charges  across  6  mm  diameter  polyethylene 
(PE)  plugs  and  a  grid  extraction  system. 
Although  it  is  generally  known  that  PE 
flash-over  discharges  produce  a  hydrogen- 
rich  plasma,  and  it  has  therefore  become 
common  practice  to  employ  this  type  of 
plasma  source  in  pulsed  proton  beam  facili¬ 
ties,  the  majority  of  these  operate  in  the 
hundred  nanosecond  range  [3].  Since  in 
PROFA  the  details  of  the  surface  discharges 


and  the  pulse  duration  differ  significantly 
from  these  earlier  applications,  it  was  con¬ 
sidered  prudent  to  perform  detailed  meas¬ 
urements  of  the  beam  composition.  These 
were  conducted  on  a  scaled  down  replica  of 
the  PROFA  diode  with  attached  TOF  ana¬ 
lyzer  at  the  St.  Petersburg  State  Technical 
University. 

2.  EXPERIMENTAL  SETUP 

A  scheme  of  the  test-facility  is  shown 
in  Fig.  1.  The  diode  part  is  composed  of  a 
multi  arc  ion  source  comprising  an  array  of 
cylindrical  polyethylene  discharge  units 
(PE)  with  central  needle  electrodes  (NE), 
which  are  embedded  in  a  common  dis¬ 
charge  electrode  (DE).  Plasma  production 
was  achieved  by  applying  a  positive  high 
voltage  pulse  Udjoje  of  10-30  kV  amplitude 
and  »  lOOps  duration  to  the  discharge  elec¬ 
trode.  While  Ro  and  control  the  diode 
ignition,  R^  controls  the  total  discharge  cur¬ 
rent.  Rg  and  were  chosen  to  create  an 
anode  plasma  density  corresponding  to  that 
of  PROFA.  Once  the  plasma  has  reached 
the  anode  grid  (AG)  it  is  under  the  influ¬ 
ence  of  the  electrical  field,  and  ions  are  ex- 
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Fig.  1:  Schematic  of  the  scaled  down  replica  of  the  PROFA  diode  and  the  TOF  setup. 


tracted  and  accelerated  towards  the  cathode 
grid(CG). 

The  time  of  flight  spectrometer  con¬ 
sists  of  two  articulated  channels  with  a  set 
of  diaphragms,  a  beam  deflector  (C)  and  a 
detector  (D).  A  fraction  of  the  beam  enters 
the  channel  through  the  first  diaphragm. 
The  orientation  of  the  flight  channel  is  cho¬ 
sen,  such  that  ions  can  pass  into  the  flight 
charmel  and  reach  the  detector  only  during 
the  front  edge  of  the  pulsed  deflection  volt¬ 
age.  A  timer  network  allows  to  delay  the 
instant  at  which  the  strobe  pulse  generator 
(SPG)  applies  the  deflection  voltage  relative 
to  the  diode  high  voltage  pulse  by  a  time 
span  At  and  thus  to  take  beam  samples  at 
different  times. 

The  relatively  small  signals  produced 
by  the  extracted  fraction  of  the  ion  beam  are 
presently  recorded  using  a  secondary  elec¬ 
tron  multiplier.  Since  the  secondary  elec¬ 
tron  emission  coefficients  for  the  different 
types  of  ions  are  not  precisely  known,  the 
results  presented  hereafter  are  still  of  a 
qualitative  nature.  It  is  therefore  planned  to 
repeat  part  of  the  measurements  using  a 
biased  collector  with  a  high  sensitivity 
transimpedance  amplifier. 

Different  ion  types  were  identified  by 
the  time  delays  tj  of  the  individual  peaks  on 
the  detector  signal  according  to  the  relation 
Mj  =  k(At)  -  Up  •  tf ,  where  M;  is  the  ion 
mass/charge  state  and  k(At)  is  the  coeffi¬ 
cient  of  the  relative  sensitivity  depending 


on  the  time  delay  At  between  the  beginning 
of  the  diode  voltage  pulse  Udio^e  and  the 
front  edge  of  the  strobe  pulse.  This  coeffi¬ 
cient  also  depends  on  Mj  because  of  two 
reasons:  a)  dependence  of  the  time  of  flight 
of  the  particles  through  the  diaphragm  win¬ 
dow  in  the  transverse  direction  ( ^Mj  )  and 
b)  dependence  of  the  secondary  emission 
coefficient  on  ion  mass. 

While  the  majority  of  the  measure¬ 
ments  was  made  using  the  same  high  volt¬ 
age  supply  for  anode  plasma  production  and 
ion  acceleration,  part  of  the  experiments 
was  repeated  using  a  separate  supply  for  ion 
acceleration.  This  allowed  to  use  an  accel¬ 
eration  voltage  of  only  a  few  100  V  and 
thus  to  spread  the  TOF  spectrum  leading  to 
improved  peak  resolution. 

3.  RESULTS 

Starting  off  the  measurements  with 
new  PE  plugs,  these  were  progressively 
aged  by  producing  1  pulse  per  5  seconds. 

It  was  found  that  the  beam  composi¬ 
tion  depends  on  the  following  factors: 

•  sampling  time  relative  to  the  onset  of  the 
diode  voltage  pulse  (this  point  is  not 
further  discussed  in  the  present  context). 

•  total  number  of  pulses  for  ageing 

•  magnitude  of  the  anode  discharge  current 

•  condition  of  the  plug  surface 

A  typical  mass  spectrum  obtained  for 
new  plugs,  the  surface  of  which  had  been 
cleaned  with  alcohol  is  given  in  Fig.  2.  One 
can  clearly  distinguish  groups  of  light  and 
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Fig.  2;  Mass  spectra  for  new  plugs  and  after  500 
pulses. 

heavy  ions,  the  former  being  dominant. 
After  500  pulses  the  amplitudes  of  both 
light  and  heavy  components  decreased  sig¬ 
nificantly.  Operating  the  source  in  a  higher 
current  regime  leads  to  partial  restoration  of 
the  mass  spectrum  and  to  a  slower  ageing, 
which  is  illustrated  in  Fig.  3.  Here  the  mass 
spectrum  acquired  after  additional  400 
pulses  with  a  three  times  higher  discharge 
current  is  shown. 

To  recondition  the  PE  plugs,  a  surface 
layer  of  0.1  and  0.5  mm  was  cut  off.  While 
in  the  first  case  no  visible  improvement  of 
the  mass-spectrum  was  observed,  in  the 
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Fig.  4:  Mass  spectrum  after  cutting  off  a  surface 
layer  of  0.5mm. 
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Fig.  3;  Mass  spectrum  after  additional  400  pulses 
with  3x  higher  discharge  current. 

second  case  a  pronounced  light  ion  peak 
corresponding  to  ions  with  mass  numbers  1 , 
2  and  4  was  obtained  directly  after  treat¬ 
ment  (see  Fig.  4). 

The  evolution  of  the  spectrum  with 
the  number  of  pulses  depends  on  diode  op¬ 
eration  details.  If  the  diode  operates  without 
breakdowns,  the  amplitude  of  the  light 
components  decreases  progressively  and  the 
stability  of  the  spectrum  deteriorates  after 
50-70  pulses.  On  the  other  hand  an  increase 
of  the  light  components  takes  place  after  a 
breakdown  occurred.  This  effect  is  dis¬ 
played  in  Fig.  5  in  which  the  spectra  ob- 
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Fig.  5;  Mass  spectra  with  and  without  diode  break¬ 
downs  during  operation. 
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Fig.  6:  Mass  spectrum  after  paraffin  coating 

tained  after  70  pulses  without  breakdowns 
and  after  130  pulses  with  breakdowns  are 
shown. 

As  an  alternative  method  for  the  res¬ 
toration  of  the  PE  surface  properties,  re¬ 
petitive  coating  of  the  surface  with  a  suit¬ 
able  hydrogen-rich  material  was  tested. 
Since  up  to  now  no  easy  to  handle  solvent 
was  found  for  PE,  these  tests  were  made 
using  molten  paraffin.  Fig.  6  shows  that 
immediately  after  paraffin  coating,  the  light 
ion  content  is  substantially  increased  .  Un¬ 
fortunately,  this  improvement  of  the  mass- 
spectrum  lasts  only  for  about  20  pulses, 
after  which  the  number  and  amplitude  of 
heavy  components  increases.  Fast  evapora¬ 
tion  of  the  paraffin  could  be  the  reason  for 
this  short  lived  improvement. 

The  results  presented  in  Fig.  2-6  were 
obtained  using  the  same  high  voltage  sup¬ 
ply  for  plasma  production  and  ion  accelera¬ 
tion.  The  ion  kinetic  energy  thus  ranged 
from  10  -j-  30  keV.  As  mentioned  before, 
part  of  the  measurements  were  repeated 
using  a  separate  low  voltage  power  supply 
for  ion  acceleration.  An  example  of  the 
mass  spectra  obtained  with  this  set-up  for 
=  400  V  is  shown  in  Fig.  7.  This  result 
was  obtained  after  conditioning  of  new, 
untreated  polyethylene  plugs  by  several 


’  Prior  to  covering  of  the  plugs  they  were  under 
operation  for  250  pulses. 
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Fig.  7:  Mass  spectrum  with  enhanced  time  resolu¬ 
tion. 

shots.  It  is  clearly  seen  that  protons  repre¬ 
sent  the  predominant  beam  component. 

4.  CONCLUSIONS 

The  composition  of  an  ion  beam,  pro¬ 
duced  using  a  multi-arc-type  ion  source  was 
studied.  It  was  found  that  protons  can  be  the 
predominant  beam  component  if  certain 
conditions  are  fulfilled: 

•  at  the  beginning  and  periodically  after  50 

100  pulses  the  polyethylene  plugs 
should  be  mechanically  cleaned  by  cut¬ 
ting  off  a  surface  layer  of  around  0.5  mm 
thickness; 

•  the  discharge  current  for  one  plug  should 
exceed  a  certain  value  (e.g.  5A); 

•  repetitive  coating  of  the  plug  surface 
with  molten  hydrogen  rich  material 
could  prove  beneficial,  but  for  practical 
application  of  this  method,  it  is  neces¬ 
sary  to  find  a  suitable  material  and  coat¬ 
ing  procedure. 

5.  REFERENCES 

[1]  V.  Engelko  et  al;  ‘Measurement  of  extent  of 
intense  ion  beam  charge  neutralization’. 

[2]  V.  Engelko  el  al;  ‘Formation  of  an  intense 
proton  beam  of  microsecond  duration’. 

Both  this  conference. 

[3]  A.A.  Kolomensky,  et  al,  Proceedings  of  the  6th 
International  Conference  on  High  Power  Parti¬ 
cle  Beams,  Kobe,  Japan,  1986,  pp.  208-210. 


- 1110- 


P-4-33 


MEASUREMENT  OF  EXTENT  OF  INTENSE  ION  BEAM  CHARGE 

NEUTRALIZATION 


V.  Engelko*,  H.  Giese,  S.  Schalk 

Forschungszentrum  Karlsruhe,  INR,  Postfach  3640,  D-76021  Karlsruhe,  Germany 
*  Efremov  Institute  of  Electrophysical  Apparatus,  189631,  St.  Petersburg,  Russia 

Various  diagnostic  tools  were  employed  to  study  and  to  optimize  the  extent  of  space  charge 
neutralization  in  the  pulsed  intense  proton  beam  facility  PROFA.  (see  papers  to  this  conference 
[1,2]),  comprising  Langmuir  probes,  capacitive  probes  and  a  novel  type  of  three  electrode  collec¬ 
tor.  The  latter  does  not  only  allow  to  measure  ion  and  electron  beam  current  densities  in  a  high 
magn.  field  environment,  but  also  to  deduce  the  density  spectrum  of  the  beam  electrons. 
Appropriate  operating  conditions  were  identified  to  attain  complete  space  charge  neutralisation. 


1.  INTRODUCTION 

One  of  the  tasks  presently  pursued  at 
FZK/Karlsruhe  is  the  possibility  of  simulat¬ 
ing  ITER  divertor  erosion  under  plasma 
disruption  conditions  by  exposing  divertor 
candidate  materials  to  an  intense  (~  1  kA), 
pulsed  (>  lOps),  low  kinetic  energy  (10-30 
keV)  proton  beam  with  a  power  density  of 
up  to  10  MW/cm^  [3,  4].  As  a  first  step  to¬ 
wards  the  realization  of  a  facility  capable  of 
producing  such  a  beam,  the  PROFA  facility 
was  built  in  1994  [1].  Representing  a  scaled 
down  version  of  the  projected  machine, 
PROFA  was  conceived  for  a  max.  beam 
current  of  ~  150A  and  serves  as  a  test-bed 
for  vacuum  diode  development  and  beam 
transport  optimization.  Beam  focusing,  an 
essential  necessity  to  reach  the  required 
current  density,  is  performed  in  two  stages: 
Ballistic  focusing  and  subsequent  compres¬ 
sion  in  an  increasing  magnetic  field. 

Numerical  simulations  have  shown 
that  the  two  stage  focusing  is  successful 
only  under  certain  conditions.  One  of  these 
is  a  high  degree  of  space  charge  neutraliza¬ 
tion.  This  paper  presents  some  results  of  the 
investigation  and  optimization  of  the  beam 
space  charge  neutralization  in  the  focusing 
channel  of  the  PROFA  facility. 

2.  EXPERIMENTAL  SETUP 

Fig.  1  shows  the  principal  layout  of 
the  PROFA  facility  and  illustrates  its  focus¬ 
ing  scheme.  The  proton  beam  emerging 
from  the  concave  anode  extractor  grid  sur¬ 


face  with  a  focal  distance  of  60cm  passes 
through  two  cathode  grids  (Gl,  G2)  before 
it  enters  the  focusing  channel.  The  magnetic 
compression  system  symbolized  in  Fig.l  by 
a  set  of  coils,  produces  an  induction  of  6 
mT  at  the  entrance  of  the  focusing  channel, 
and  of  4  T  at  the  target  position,  located 
60cm  below  the  ball,  focus.  The  magnitude 
of  the  magnetic  induction  at  the  target  was 
chosen  to  meet  typical  ITER  conditions. 
Electrons,  neutralizing  the  space  charge  of 
the  ion  beam,  are  produced  on  the  cathode 
grids  as  a  result  of  ion  induced  secondary 
electron  emission. 

Three  types  of  diagnostic  tools  were 
employed  in  the  reported  investigations: 

(i)  Langmuir  probe  (LP):  Measure¬ 
ments  of  the  radial  distribution  of  the  space 
charge  in  the  ballistic  region. 

(ii)  Capacitive  probe  (CP):  Measure¬ 
ments  of  the  beam  potential  in  the  ballistic 
and  target  region. 

(iii)  Three  Electrode  Collector  (TEC): 
Since  the  high  magnetic  induction  at  the 
target  precludes  the  use  of  magnetically 
insulated  faraday  cups  for  measurements  of 
the  ion  current  density  in  this  location,  this 
novel  type  of  detector  was  employed.  As 
indicated  in  the  bottom  of  Fig.l,  the  TEC  is 
a  cylindrical  detector,  consisting  of  3  mu¬ 
tually  insulated  concentric  components:  A 
usually  grounded  outer  screen  electrode 
‘OE’,  an  intermediate  electrode  TE’  and  a 
collector  ‘cup’.  Entrance  aperture  diameters 
of  OE  and  IE  ranged  from  ~lmm  to  ~lcm. 
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neutralization  at  PROFA. 


Large  apertures  were  covered  with  a  high 
transparency  stainless  steel  cloth  to  ho¬ 
mogenize  the  inter-electrode  electric  field. 
Adequate  biasing  of  the  IE  and  cup  allowed 
to  measure  the  following  parameters: 

Ton  current  density  i|: 

IE  negatively  biased  with  |eU,£|  exceeding 
the  longitudiiial  energy  of  the  electrons  ac¬ 
companying  the  ions.  Cup  positively  biased 
with  |eUgyp|  exceeding  the  kinetic  energy  of 
the  secondary  emission  electrons  from  the 
cup.  The  correct  bias  voltages  are  found  by 
increasing  the  respective  bias  until  Icup  satu¬ 
rates.  The  ion  current  density  j;  is  obtained 
as  the  sum  of  IE  and  cup  current  divided  by 
the  effective  TEC  entrance  aperture. 

Electron  current  density  i.: 

IE  grounded.  Cup  positively  biased  as  be¬ 
fore.  Since  beam  electrons  are  no  longer 
repelled  by  U,e,  Icup  is  the  sum  of  ion  and 
electron  current.  Subtraction  of  the  previ¬ 
ously  obtained  ji  gives  j^. 

Electron  density  n^: 


The  measured  dependence  I<,up(Uie)  is  dif¬ 
ferentiated.  Since  ji  does  not  depend  on  Uje 
it  follows 

1  *^icup  _  djg 
■^OE.eff 

with  AoE.eff  being  the  effective  OE  aperture 
area.  Considering  the  relations  =  eV||n^ 

and  V||  =  ■yJleU^/m  one  obtains: 


dn^  _  1 

1  “ 

die 

dU,E  ^  e  1 

l|2eU^ 

dU^ 

Integration  of  (2)  leads  to  the  density  of  the 
electrons  accompanying  the  ions  at  the  ap¬ 
erture  of  the  OE. 

Apart  from  the  above  mentioned  di¬ 
agnostics,  Rogowski  coils  were  used  to 
monitor  all  system  currents,  i.e.:  total  diode 
current  (Iq),  cathode  grid  currents  (Iqi,  Ig2), 
current  to  the  focusing  channel  wall  (Ich)- 

3.  RESULTS 

Fig.  2  shows  an  example  of  the  results 
obtained  in  the  course  of  the  TEC  meas¬ 
urements  in  the  compression  channel. 
Shovm  here  is  spectrum  of  electron  longi¬ 
tudinal  energies.  One  can  see  that  these 
energies  are  smaller  than  would  correspond 
to  the  second  cathode  grid  bias  voltage  of  - 
300  V. 

Fig.  3  demonstrates  the  dynamics  of 
the  beam  current  neutralisation.  One  ob- 


Fig.  2:  Density  spectrum  of  beam  electrons 
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serves  that  full  neutralisation  occurs  only 
after  about  7)j.s  counted  from  the  start  of 
the  diode  pulse.  After  that  time  the  electron 
current  exceeds  that  of  the  ions,  a  behaviour 
that  is  typical  for  all  operation  regimes  of 
the  facility. The  degree  of  neutralisation  is 
not  homogeneous  across  the  beam  cross 
section,  but  shows  an  oscillatory  behaviour. 
Since  the  radial  distribution  of  the  ion  cur¬ 
rent  density  shows  a  Gaussian  profile,  the 
reason  for  this  particular  behaviour,  which 
has  so  far  not  yet  been  fully  understood,  has 
to  be  attributed  to  the  electrons. 

Fig.  4  gives  an  example  of  the  results 
obtained  in  the  CP-measurements.  Shown 
are  the  diode  voltage  and  current  Up  and  I^, 
the  cathode  grid  currents  Iqi,  Ig2  Ihe 
signal  from  the  CP  in  the  ballistic  region. 

It  was  experimentally  determined  that 
all  secondary  emission  electrons  are  in¬ 
jected  into  the  focusing  channel,  if  the  grids 
are  biased  according  to;  -Uq,  <-lkV  and 
Uq2  = -100-^ -300V .  From  the  magni¬ 
tudes  of  the  grid  currents  in  the  presence  of 
the  magnetic  field  one  can  derive  that  the 
secondary  emission  coefficients  for  the  first 
and  second  cathode  grids  are  Kj  =  1.4  and 
Kj  =  1.6  respectively.  The  electron  current 
entering  the  focusing  channel  is 

le  =lD[(l-«i)Ki+0Ci(l-a2)K2]=  0.62-Id 

where  a,  =0.71  and  a 2  =0.8  are  the  cath¬ 
ode  grid  transparencies.  Note  that  64%  of 


Fig.  4:  A  typical  pulse  at  PROFA. 
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Fig.  3;  Extent  of  neutralization 

is  provided  by  the  first  cathode  grid. 

The  ion  current  passing  into  the  fo¬ 
cusing  channel  (Ij)  is  equal  to 
Ij  =  a|a2lD  =  0.58 -Id.  Since  Ig  >  li ,  secon¬ 
dary  electron  emission  from  the  cathode 
grids  supplies  in  principle  enough  electrons 
to  fully  neutralize  the  ion  beam  space 
charge.  The  time,  which  is  necessary  to 
reach  equality  of  electron  and  ion  charge  in 
the  focusing  channel  is  approximated  by 

t„=-^<lps  (3) 

Vile 

where  L  is  the  length  of  the  focusing  chan¬ 
nel  and  Vj  the  ion  velocity.  In  contrast  the 
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capacitive  probe  signal  shows  that  the  beam 
potential  drops  to  zero  (or  negative)  voltage 
only  after  5ps’.  Thus  full  space  charge 
compensation  (or  even  overcompensation) 
does  not  build  up  immediately,  but  is  gov¬ 
erned  by  the  expansion  time  of  the  electron 
cloud  from  cathode  grids  to  the  target 
through  the  strongly  inhomogeneous  mag¬ 
netic  compression  field.  In  the  measure¬ 
ments  discussed  here,  an  insulated  metal 
disk  was  installed  in  the  target  position,  on 
which  beam  impingement  also  produced 
secondary  electrons.  It  seems,  however,  that 
for  establishing  the  neutralization  process 
these  are  of  subordinate  importance,  since 
CP  and  LP  signals  are  hardly  influenced  by 
the  target  bias. 

On  the  other  hand,  the  target  potential 
was  found  to  have  a  substantial  influence  on 
the  current  to  the  focusing  channel  wall. 
Fig.  3  compares  Ich  and  Ij  for  different  tar¬ 
get  biasing  situations.  Here  I-j-  is  the  sum  of 
ion  and  electron  beam  current.  Since  in  all 
target  biasing  situations  discussed  here,  sec. 
emission  electrons  emerging  from  the  target 
were  reflected  by  the  cathode  grids  back  to 
the  target  and  could  thus  not  contribute  to 
It,  the  electron  current  originates  mainly 
from  the  cathode  grids. 

(i)  Grounded  target:  In  the  initial 
phase  of  the  pulse  (t<2ps)  an  ion  current 
flows  to  the  wall.  Later  I^h  drops  to  zero 
and  Ij  appears.  After  5  p  s  Ich  becomes 
negative. 

(ii)  Negative  bias  Ut=Ug2-  Iii  the  ini¬ 
tial  phase  (t<2-2.5ps),  Ich  exhibits  the 
same  behaviour  as  with  grounded  target. 
But  other  than  with  grounded  target  it  goes 
negative  already  after  3  p  s  and  increases 
with  time,  as  does  the  target  current. 

(iii)  Positive  bias  Uj=LFg2'  P^rt  of  the 
ion  current  flows  to  the  channel  wall  during 
the  entire  pulse. 

Langmuir  probe  measurements  in  the 
ballistic  focusing  region  showed  that  elec¬ 
trons  appear  near  the  beam  axis  after 


'in  the  absence  of  the  magn.  field,  the  CP 
shows  a  residual  positive  beam  potential,  due  to  the 
finite  kinetic  energy  of  the  compensating  electrons. 


2-^2.5  p  s,  while  at  the  beam  periphery  they 
appear  after  5^-7  ps.  The  density  of  the 
negative  space  charge  is  significantly  higher 
near  the  beam  axis  than  at  its  outer  bound¬ 
ary.  The  kinetic  energy  of  the  electrons  is  of 
some  hundreds  of  eV,  which  means  that 
most  of  them  originate  from  the  cathode 
grids.  The  ion  beam  radius  coincides  with 
the  radius  of  the  magnetic  force  line  passing 
through  the  outer  edge  of  the  ion  emitting 
surface. 

4.  CONCLUSION 

In  the  pulsed  proton  beam  facility 
PROF  A,  the  ion  beam  space  charge  neu¬ 
tralisation  is  provided  predominantly  by 
secondary  emission  electrons  from  the 
cathode  grids.  Close  to  the  beam  axis  elec¬ 
trons  expand  over  the  full  length  of  the  fo¬ 
cusing  channel  within  2-^2. 5  p  s,  creating  an 
electric  field  of  sufficient  strength  to  con¬ 
fine  protons  inside  the  focusing  channel  and 
to  transport  a  major  fraction  of  the  beam  to 
the  target.  Full  neutralisation  of  the  beam 
space  charge  occurs  within  5  p  s.  After  this 
time  the  potential  of  the  focusing  channel 
volume  becomes  negative,  which  leads  to 
the  appearance  of  an  electron  current  to  the 
wall  of  the  focusing  channel.  Negative  bias¬ 
ing  of  the  target  with  Ut=Ug2  only  slightly 
influences  on  the  potential  of  the  focusing 
channel  volume,  but  leads  to  a  significant 
increase  of  the  electron  current  to  its  wall. 

For  efficient  neutralisation  of  the 
proton  beam  space  charge,  both  cathode 
grids  should  be  biased  negatively  with  - 
UGi<-lkV  and  -Ug2=- 100- -300V.  The 
target  should  be  grounded  or  negatively 
biased. 
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Abstract 

The  mega-ampere  currents  associated  with  light  ion  fusion  (LIF)  require  excellent  charge 
neutralization  to  prevent  divergence  growth.  As  the  size  and  space-charge  potential  of  a  beam 
clump  or  "beamlet"  become  small  (submillimeter  size  and  kilovolt  potentials),  the  neutralization 
becomes  increasingly  difficult.  Linear  theory  predicts  that  plasma  electrons  cannot  neutralize 
potentials  <  <|)crit  =  1/2  m^v}le,  where  is  the  electron  mass  and  v,  is  the  ion  beam  velocity.  A 
non-uniform  beam  would,  therefore,  have  regions  with  potentials  sufficient  to  add  divergence  to 
beam  clumps.  The  neutralization  of  small  beamlets  produced  on  the  SABRE  accelerator  and  in 
numerical  simulation  has  supported  the  theory,  showing  a  plateau  in  divergence  growths  as  the 
potential  in  the  beamlet  exceeds 

I.  Introduction 

The  neutralization  of  an  ion  beam  to  the  order  of  millimeter  scale  lengths  has  been  simu¬ 
lated  with  many  particle-in-cell  (PIC)  simulation  codes  and  shown  to  be  quite  good.  As  the  size 
and  potential  of  beam  nonuniformities  become  small  (submillimeter  size  and  kV  potentials),  C.  L. 
Olson''^  has  shown  that  the  neutralization  becomes  increasingly  difficult.  At  some  point,  the 
clump  potential  is  too  small  to  drag  a  neutralizing  electron  along  with  it.  The  theory  states  that 
an  electron  cannot  neutralize  potentials  <  (|)(,rit  =  1/2  m^fle,  where  v,  is  the  ion  beam  velocity.  A 
clumpy  beam'  would,  therefore,  have  many  regions  with  electric  potentials  sufficient  to  add 
divergence  to  the  clumps  of  the  order  of  6„,  =  (Z  w/ffj,)'^,  where  m^,  m,  and  Z  are  the  electron 
mass,  ion  mass  and  ion  charge  state.  This  divergence  hinders  the  focusing  of  an  ion  beam  down 
to  a  centimeter-sized  target  for  light-ion  fusion  (LIF). 

To  model  the  neutralization  of  beam  clumps,  we  have  experimentally  produced  small  ion 
beamlets.  A  5-10  mrad  divergence  proton  beam  was  created  with  the  SABRE  accelerator^  by 
allowing  the  beam  to  expand  in  vacuum  for  1 15  cm.  Small  beamlets  of  varying  potentials  were 
then  produced  as  the  beam  passed  through  a  plate  with  pinholes  of  several  different  radii.  The 
beamlets  then  drifted  in  a  29-cm  long  region  filled  with  helium  or  argon  gas  and  are  imaged  on 
radiachromic  film.  A  similar  configuration  was  simulated  using  the  particle-in-cell  code  IPROP.'* 
In  both  experiment  and  theory,  we  find  for  the  vacuum  case  (actually  pressure  <  1  mtorr)  that,  as 
the  potential  increases,  the  inferred  beamlet  divergence  approaches  but  does  not  exceed  0„,  The 
simulations  show  that  electrons  emitted  from  the  pinhole  plate  continue  to  prevent  the 
unneutralized  potential  fi'om  exceeding  as  the  beamlet  current  increases.  As  the  gas  pressure 
is  increased,  the  divergence  growth  drops  rapidly  above  6  mtorr  argon  and  30  mtorr  helium 
indicating  plasma  shielding. 

*  Work  supported  by  Sandia  National  Laboratories. 
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11.  Scaling  of  Pinhole  Image  Thickness  with  Beamlet  Potential 

In  the  expanding  beam  configuration,  the  SABRE  diode  produces  a  75  kA,  4  MV  proton 
beam  of  20-30  mrad  divergence.  The  beam,  which  has  a  significant  carbon  component,  strikes 
an  aluminum  foil  which  is  range  thick  to  4  MV  carbon  ions,  leaving  a  fairly  pure  proton  beam. 
The  foil  provides  a  good  source  of  electrons  for  neutralization  well  outside  the  diode  magnetic 
fields.  Beyond  the  foil,  the  beam  is  well  charge  neutralized  and  drifts  nearly  ballistically  for 
1 15  cm.  Assuming  uniform  emission  from  the  diode  and  ballistic  transport,  the  maximum  proton 
divergence  exiting  a  pinhole  of  radius  Vp  after  drifting  length  Z  is  0^  =  ((/*(,  -  r,)/2  +  r^)/Z,  where 
for  SABRE  the  inner  radius  r,  =  4.5  cm  and  the  outer  radius  r^=  6.5  cm.  After  the  SABRE  beam 
passes  through  the  various  pinholes  of  0.5-10  mm  radii,  the  resulting  0.075-2.5  keV  potential 
(0.3-100  amp)  beamlets  expand  from  a  combination  this  incoming  divergence  and  the  divergence 
resulting  from  any  unneutralized  space  charge.  The  beam  then  produces  an  image  on 
radiochromic  film  29  cm  from  the  pinhole  plate. 

In  Figure  1 ,  we  plot  the  full  thickness  60 
(inner  to  outer  edge)  of  the  image  from  the 
pinholes  as  a  function  of  pinhole  radius  for  £  50 
the  vacuum  case,  0.1  and  1  torr  argon  ^ 
pressure  (in  the  region  behind  the  pinholes),  w  40 
The  estimated  error  in  the  image  thickness  <n 
measurement  is  1  mm.  To  interpret  the  data,  30 
we  have  also  plotted  reference  lines  calcu-  ^ 
lated  using  IPROP  assuming  cylindrical  20 
symmetry  and  initial  divergence  0^.  The  ^ 
simulation  lines  correspond  to  image  thick-  E  1 0 
ness  produced  from  pure  ballistic  transport, 
from  unneutralized  2.5  keV  potential  (10  0 

amp)  proton  beams  and  from  the  full  un-  q  2  4  0  3  1012 

neutralized  potential  cotiesponding  to  r,.  We  Pinhole  Radius  (mm) 

see  that  for  vacuum  transport,  as  Vp  increases, 

the  data  thicknesses  follow  the  0^  only  curve.  Figure  1.  The  edge-to-edge  image  thickness  of 
This  behavior  is  due  to  the  very  low  potential  protons  measured  29  cm  from  a  pinhole  of  various 
of  the  small  beamlets  which  add  very  little  radii  is  plotted.  IPROP  reference  lines  for  a 
additional  divergence.  At  roughly  =  ballistic  beam,  2.5-keV  potential  beam  and  a  full 
4  mm,  the  data  moves  to  the  1 0-amp  curve  space  charge  beam  are  also  plotted, 
and  remains  there.  This  behavior  suggests 

that  electrons,  likely  emitted  from  the  pinhole  plate,  prevent  uimeutralized  space  charge  of  >  2.5 
keV  in  good  agreement  with  the  theory.  As  expected  for  significant  argon  pressures,  the  beam 
picks  up  little  additional  divergence  and  expands  ballistically.  This  is  due  to  the  effective  plasma 
shielding  of  the  dense  plasma  produced  by  impact  ionization  of  the  beam. 

III.  Plasma  Shielding  of  Beam  Potential  in  a  Background  Gas 

A  4-MeV  proton  is  an  effective  ionizer  of  a  background  gas.  The  fraction  of  electron  to 
beam  density,  where  the  electrons  are  produced  via  impact  ionization  (3.8  x  10  '®  cm^  ionization 
cross  section  in  argon),  isf^=  0.04 1 p,  where  t  is  the  time  into  the  beam  pulse  in  nanoseconds  and 
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p  is  the  argon  pressure  in  mtorr.  For  a  roughly  30  ns  SABRE  pulse,  we  can  expect^  to  increase 
from  unity  to  10  as  the  argon  pressure  increases  from  1  to  10  mtorr.  The  unneutralized  potential 
discussed  should  decrease  with  increasing because  the  amount  of  unneutralized  space  charge 
decreases  with  Debye  length  squared.  To  explore  this  effect,  we  have  both  in  experiment  and 
simulations  propagated  beamlets  in  a  range  of  pressures  and  calculated  the  image  thickness  from 
a  4.8-mm  radius  pinhole.  This  particular  pinhole  was  chosen  because  it  produces  a  beam  with 
potential  roughly  twice  4)^0, .  Instead  of  using  the  image  edges  which  will  actually  vary  in  time 
as  the  beam  becomes  increasingly  neutralized  due  to  the  gas  ionization,  we  used  the  full-width- 
half-maximum  (FWHM)  as  the  figure  of  merit. 

The  IPROP  simulations  in  this  case  were  run  in  three-dimensions  to  better  approximate 
the  experiment.  We  assumed  that  the  beam  was  emitted  from  the  anode  with  r,  =  4.5  cm  and  = 
6.5  cm  and  with  a  40  mrad  divergence.  The  protons  were  then  ballistically  transported  to  the 
pinhole  plate  where  the  actual  simulations  began.  The  region  behind  the  plate  was  filled  with  a 
uniform  argon  density.  Space-charge  limited  emission  was  permitted  from  the  pinhole  plate  only, 
the  outer  3-cm  wall  (the  actual  outer  wall  radius  was  15  cm)  did  not  emit.  The  gas  ionization  was 
accomplished  in  Monte-Carlo  fashion  with  all  electrons  followed  kinetically  as  particles.  Gas 
interactions  included  impact  ionization  of  the  gas  by  protons  and  secondary  electrons  and  elastic 
scattering  of  charged  particles  off  gas  neutrals.  The  model  contrasts  with  the  usual  hybrid  model 
in  IPROP  in  which  the  plasma  electron  distribution  is  split  into  thermal-fluid  and  kinetic-particle 
components.  The  pure  kinetic  approach  assures  a  highly  accurate  calculation  of  the  charge 
neutralization,  however,  the  maximum  electron  density  is  limited  to  roughly  100  or  10'^  cm'^ 
due  to  the  resolution  of  the  plasma  frequency. 

In  the  table,  the  FWHM  from  the  experiment  and  simulation  are  plotted  for  the  argon 
pressure  scan.  Again  the  experimental  uncertainty  is  ±1  mm.  As  expected,  we  see  that  the 
FWHM  are  largest  at  small  pressure.  Both  SABRE  and  IPROP  give  a  roughly  15  mm  FWHM 
for  the  vacuum  case.  The  transition  to  smaller  FWHM  occurs  at  roughly  5  mtorr  although  the 
data  exhibits  some  scatter  probably  due  to  shot-to-shot  current  density  fluctuations.  At  10  mtorr, 
the  IPROP  values  continue  to  shrink  down  to  9  mm  versus  1 1  mm  in  the  experiment.  The 
thickness  does  not  change  much  at  higher  pressures  in  the  experiment  with  the  image  remaining 
at  or  above  1 1  mm  as  the  pressure  is  increased.  In  the  table,  complete  neut.  refers  to  the  IPROP 
simulation  with  zero  field  values,  i.e.  complete  charge  and  current  neutralization.  In  this  case, 
IPROP  calculates  7.3  mm  FWHM.  The  reason  for  this  difference  is  uncertain.  The  most  likely 
explanation  is  film  saturation  which  would  become  more  apparent  at  the  higher  pressures  where 
image  intensities  are  greatest.  This  effect  needs  further  study. 

Again,  to  interpret  the  meaning  of  the  data  we  must  examine  the  charge  neutralization 
calculated  by  IPROP.  In  Figure  2,  the  space  charge  potential  at  r  =  15  cm  and  1 .6  cm  radius  is 
plotted  for  the  vacuum  and  10  mtorr  argon  cases.  We  see  the  potential  approaches  the  critical 
potential  of  2.5  keV  at  early  times  for  both  cases,  but  as  f,  increases  to  roughly  10  in  the  10-mtorr 
case,  the  potential  drops  by  roughly  the  same  magnitude.  Thus,  plasma  shielding  is  quite 
effective  and  is  responsible  for  roughly  a  40%  drop  in  the  image  thickness. 
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IV.  Conclusions 

The  data  and  theory  suggest  a 
minimum  potential  in  vacuum  to  which  a 
beam  clump  or  beamlet  can  be  neutralized. 
At  this  potential,  a  neutralizing  electron 
cannot  keep  up  with  the  moving  clump. 
This  behavior  adds  divergence  to  the  cold 
beamlets  produced  in  the  SABRE  experi¬ 
ment  leading  to  a  larger  pinhole  image.  In 
vacuum,  the  electrons  drawn  in  from 
surfaces  cannot  reach  a  density  greater  than 
that  of  the  ion  beam;  in  a  background  gas, 
the  density  can  be  orders  of  magnitude 
larger.  The  pinhole  images  show  a  transi¬ 
tion  near  5  mtorr  argon  where  the  FWHM  is 
reduced  from  15  to  11  cm.  The  IPROP 
simulations  confirm  this  transition  and  show 


t(ns) 


Figure  2.  The  unneutralized  space  charge 
calculated  at  z  =  15  cm  and  1.6  cm  radius  is 
plotted  versus  time  for  a  beamlet  emerging  from 
a  4.8-nim  pinhole  in  vacuum  and  10-mtorr  argon. 


that  it  is  the  result  of  the  presence  of  the  dense  plasma  produced  mainly  by  proton  impact 
ionization.  The  unneutralized  space  charge  decreases  with  increasing  density. 


[1]  C.  L.  Olson,  and  J.  W.  Poukey,  Proceedings  of  IX  International  Conference  High  Power  Particle  Beams, 
Washington  D.C.,  72,  897  (1993). 

[2]  C.  L.  Olson,  Standoff  Meeting  Series  on  Ion  Beam  Uniformity,  Sandia  National  Laboratories,  1995. 

[3]  D.  L.  Hanson,  et  al,  Bull.  Am.  Phys.  Soc.  40,  1800  (1995), 

[4]  D.  R.  Welch,  C.  L.  Olson  and  T.  W.  L.  Sanford,  Phys.  Plasmas  1,  1994. 


- 1118- 


P-4-35 


Ne  beam-Kr  target  interaction 

V.E.Fortov,  V.V.Kostin.  V.S.Vorob’ev 

High  Energy  Density  Research  Center  of  RAS,  Izhorskaya  13/19,  Moscow,  127412, 

Russia 

M.LKuIish,  V.B.Mintsev 

Institute  of  Chemical  Physics  of  RAS,  142432,  Moskovskaya  obi,  Chernogolovka,  Russia 

D.Hoffman 

GSI-Darmstadt,  Postfach  110552,  6100  Darmstadt,  Germany 


Energetic  heavy  ions  of  Ne  -  crystal  Kr  target  interaction  is  investigated  both: 
experimentally  and  with  help  2-D  computer  code.  Dynamics  of  the  target 
matter  heating,  expansion  and  destruction  are  described.  It  was  obtained  end 
tested  the  new  equation  of  state  for  Kr  in  wide  range  of  parameters. 


The  interaction  of  energetic  charged  particle  beams  with  materials  of  different 
composition,  density,  temperature  etc.  is  an  active  field  of  research  [1-6], 

This  work  deals  with  the  interaction  of  the  Ne  beam  with  the  Crystal  Kr  target.  The 
study  was  carried  out  both;  theoretically  (with  help  of  the  computer  simulation)  and 
experimentally.  The  computer  simulation  was  provided  by  the  two-D  Lagrangian  computer 
code,  which  allows  to  take  into  account:  ion  beam  absorption,  hydrodynamics  motion  of  the 
matter,  elasto-plastic  properties  and  destruction  of  the  target  matter.  The  experiments  were 
carried  out  on  the  GSI  (Darmstadt,Germany)  facility. 

The  parameters  of  the  ion  beam  were  the  following:  ions  energy  E=300  MeV/amu,  Ne 
charge  equals  to  10,  total  number  of  beam  particles  was  order  of  10‘“,  spot  size  diameter  of 
the  beam  equals  to  D=1.5  mm.  The  pulse  consists  of  the  four  bunches,  each  of  them  has  the 
duration  80  ns  with  the  interval  between  them  270  ns.  Total  pulse  energy  equals  to  1.5  J. 
The  Kr  target  thickness  varies  in  10-40  mm  diapason  and  has  the  density  of  the  order  of 
3.05  g/cm^.  The  initial  target  matter  temperature  equals  to  30°  K. 

As  a  result  of  these  investigations  were  obtained  the  evolution  of  damage  process, 
spatial  distribution  of  the  stresses,  density  and  mass  velocities.  The  target  matter  motion  has 
an  essential  two-D  character  in  these  conditions. 

Computer  code 

The  interaction  of  the  ion  beam  with  target  is  strongly  dependent  on  the  local 
temperature  and  degree  of  ionization  in  the  plasma,  the  deposition  of  the  beam,  the 
hydrodynamic  evolution  and  atomic  physics  of  the  plasma  must  be  calculated  self- 
consistently. 


The  total  stopping  cross-section  of  ions  in  matter  is  divided  into  two  parts:  the 
interaction  of  the  ion  with  the  target  electrons  (called  electronic  stopping)  and  with  the 
target  nuclei  (called  nuclear  stopping).  The  nuclear  stopping  component  can  be  separated 
because  the  heavy  recoiling  target  nucleus  can  be  considered  to  be  unconnected  to  its 
lattice  during  the  passage  of  the  ion,  and  the  interaction  can  be  treated  simply  as  the  kinetic 
scattering  of  two  screened  particles.  The  electronic  stopping  of  the  ion  in  the  target  is 
treated  within  the  local  density  approximation,  wherein  each  infinitesimal  volume  element 
of  the  solid  is  considered  to  be  an  independent  plasma;  that’s  ,  the  ion-target  interaction  can 
be  treated  as  that  of  a  particle  with  a  density  averaged  free  electron  gas  [5]. 

The  calculation  of  a  non-stationary  behavior  of  a  condensed  matter  under  shock 
loading  was  made  with  using  of  the  three  conservation  equations  (of  mass,  momentum  and 
energy  )  in  integral  form  [7].  An  elastic-plastic  behavior  of  the  matter  is  included  in  the 
code  .The  stress-tensor  components  are  split  into  a  hydrostatic  equation  of  state  and  the 
elastic-plastic  constitutive  model.  Hook  solid  law  binds  the  deviatoric  stress  and  strain 
components.  A  linear-elastic  evolution  of  the  solid  is  used  in  the  Von  Mises  yield  condition 
to  find  the  limit  value  at  which  the  material  starts  to  yield  and  exhibits  plastic  behavior  [6]. 
The  yield  strength  depends  on  pressure  and  plastic  deformation  [8].  The  dependence  of  the 
yield  strength  and  shear  modulus  from  temperature  is  neglected. 

The  dynamic  fracture  of  a  sample  induced  by  shock  loading  commonly  called  by 
spallation  in  this  work  is  described  by  relation  proposed  by  Kanel  [9].  The  stress  relaxation 
on  the  cracks  was  took  into  account  due  to  correction  of  the  yield  strength  and  shear 
modulus. 

Correction  of  the  volume  of  the  finite-difference  mesh  cells  was  also  accomplished.  In 
the  equation  of  state  the  compact  volume  components  (without  voids  volume)  are  used: 

It  was  used  the  equation  of  state  of  the  target  matter  in  Mie-Grunaisen  form.  It  consist 
of  two  parts:  first  describes  the  cool  behavior  of  the  matter,  the  second  one  corresponds  to 
the  thermal  component: 
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where:  v  is  a  specific  volume  of  the  target  matter,  x=v/vos-l,  •  Vos  ,  Voi  are  the  specific 
volumes  of  the  solid  and  liquid  at  T=0^  K,  y  is  the  Gruneisen  coefficient,  R  is  the  universal 

gas  constant,  /j  is  the  atomic  weight,  T  is  the  temperature,  9^,6  are  the  Debye  and 
effective  Debye  temperatures,  kb  is  the  Bolzmann  constant,  h  is  the  Plank  constant,  m  is  the 
atomic  mass,  L  is  the  generalized  Lindemann  parameter,  dimensionless  parameter  s  (the 
residual  entropy)  is  order  of  unity,  constant  equals  to  unity  too  for  Kr,  D(x)  is  the 
Debye  function  and  constants  a-,b^,c.  are  the  empirical  constants. 

The  cold  curves  for  a  liquid  are  similar  to  the  cold  curves  for  a  solid,  but  they  are 
characterized  by  a  somewhat  higher  value  of  Voi.  The  density  of  the  liquid,  extrapolated  to 
zero  temperatures,  is  somewhat  lower  than  the  corresponding  density  of  a  solid  [10],  The 
heat  of  vaporization  is  proportional  to  the  number  of  bonds  (coordination  number)  that 
must  be  broken  in  order  to  remove  an  atom  from  the  condensed  state  and  form  a  vacancy. 
In  the  crystalline  state  this  number  is,  as  a  rule,  larger  than  in  a  liquid. 

Fig.  1,2  illustrates  the  cold  curves  (liquid  and  solid)  and  dependents  p=f(T)  with  the 
solid-liquid,  liquid-gas  and  other  transition  regions  for  Kr. 

Results  and  discussion 

Obtained  numerical  simulation  data  were  compared  with  experimental  for  the  pulse 
parameters:  ion  energy  300  MeV/amu,  total  number  of  charged  particles  in  the  beam  equals 
to  10'“.  Target  width  varies  in  diapason  10-30  mm.  Results  are  showed  on  Fig.  1,2.  Target 
geometry  obtained  experimentally  for  time  t=2, 1 8  mks  is  showed  on  Fig.  1 . 

Maximum  of  the  mass  velocities  is  located  at  the  free  surfaces  of  the  target  and  in  the 
Brag’s  peak  area.  A  small  decreasing  of  the  density  while  transition  to  the  back  surface  of 
the  target  is  connected  with  the  energy  deposition. 

Due  to  the  tensile  stress  action,  which  arises  after  refraction  of  the  compressive  pulse 
from  a  free  surface,  the  matter  can  be  destroyed  in  the  area.  Existence  of  the  destroyed  area 
may  be  explained  by  the  tensile  stress  action,  since  the  target  matter  can  be  treated  in  these 
regions  as  a  solid.  While  heating  of  the  target  it  can  be  evaporated  not  only  in  the  irradiated 
areas.  These  illustrations  allows  to  draw  a  conclusion  that  the  matter  starts  failure  at  the 
early  stages  after  the  beam  action  and  this  failure  is  connected  not  with  the  evaporation  of 
the  matter  but  with  the  spallation  processes. 

The  case  with  target  thickness  is  showed  on  Fig.  2,  which  illustrates  the  spatial 
distribution  of  radius  mass  velocity  for  time  t=2,18  mks.  Maximal  value  of  the  velocity 
corresponds  to  the  Brag’s  peak  area.  Comparison  of  these  data  with  the  experimental  one 
was  provided  for  the  target  geometry.  The  target  geometry  was  obtained  experimentally 
with  help  of  high  velocity  streak  camera  for  the  same  time  moments.  There  is  the  good 
agreement  between  these  results  not  only  in  general  (maximal  target  expansion  corresponds 
to  the  Brag’s  peak  area  in  both  cases).  The  comparison  of  the  radius  mass  velocities  in  the 
Brag’s  peak  area  both  cases  shows  that  maximum  of  this  parameter  equals  to  value  340  m/s 
in  simulation  data  and  270  m/s  in  experiment.  The  difference  is  very  small  and  may  be 
explained  by  the  not  enough  accuracy  of  the  equation  of  state  and  due  to  action  of  the 
thermoconductivity  of  both  types:  radiative  and  electron. 
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Fig.2  Spatial  distribution  of  target  mass 
velocity  for  the  same  time. 


Summary 

Obtained  results  allow  to  draw  a  conclusion  about  a  good  agreement  between  the 
simulation  data  and  the  experimental  one.  The  numerical  code  and  the  presented  equation 
of  state  of  the  Kr  target  describes  the  investigated  phenomena  with  a  good  accuracy 
(difference  in  radial  mass  velocities  is  of  the  order  of  20  %).  Target  failure  takes  place  not 
only  in  consequence  of  matter  melting  and  evaporation,  but  due  to  spallation  phenomena 
too. 
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Abstract. 

The  comparison  of  measured  to  calculated  data  of  foil  acceleration  experiments  on  KALIF 
showed  discrepancies  which  made  a  reinvestigation  of  the  beam  characteristics  produced  by 
the  Be-Diode  necessary.  It  was  shown  that  the  peak  power  density  achieved  in  the  focus  is 
only  0.15  TW/cm^  rather  than  the  0.25  TW/cm^  quoted  earlier.  In  addition  a  most  likely  time 
history  of  the  proton  power  density  with  a  FWHM  pulse  duration  of  60  ns  in  the  focus  is  de¬ 
rived.  The  experiments  led  to  a  new  description  of  the  operating  principle  of  this  diode  which 
has  been  confirmed  by  particle-in-cell-simulations.  As  a  result  of  these  considerations  sugges¬ 
tions  for  a  new  design  of  the  diode  are  derived  and  investigated  by  simulations. 

Introduction. 

In  foil  acceleration  experiments  performed  at  the  high  power  pulse  generator  KALIF  the  light 
ion  beam  produced  in  an  ion  diode  impacts  on  a  thin  foil  target  placed  in  the  focal  plane  of  the 
diode  [1].  For  the  interpretation  of  this  type  of  experiment  theoretical  models  are  under  devel¬ 
opment  which  need  the  ion  beam  characteristics  as  input  data.  Due  to  unexpected  large  differ¬ 
ences  between  calculated  and  measured  acceleration  data  [2]  also  the  beam  characteristics 

were  considered  as  a  possible  error  source.  These  differ¬ 
ences  were  found  to  be  especially  pronounced  in  accel¬ 
eration  experiments  carried  out  with  the  Be  diode 
(Fig.l).  Therefore  the  characteristics  of  the  beam  pro¬ 
duced  by  this  diode  type  were  reinvestigated  in  a  set  of 
new  experiments.  This  paper  describes  the  results  of 
these  experiments  and  their  consequences  for  the  under¬ 
standing  of  the  diode’s  operating  principle. 

Measurement  of  the  focused  beam  properties. 

1.  The  peak  proton  power  density  Pp,p  in  the  focus  is 
determined  by 

Pp.P=-^-(lp)'f^-ffVd.p  (1) 

where  <Ip>  is  the  mean  proton  current  calculated  from 
the  count  rates  of  an  activation  target  of  an  area  At 
placed  in  the  focal  plane.  In  the  energy  range  of  KALIF 

Fig.  1 :  Cross  section  of  the  Be-diode 
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lithium  fluoride  on  copper  or  -  outside  the  focus  -  also  carbon  are  used.  The  coefficient  f 
accounts  for  the  radial  distribution  measured  in  nuclear  reaction  experiments  on  boron  foils, 
while  the  coefficient  f  describes  the  time  evolution  of  the  current,  i.  e.  the  ratio  of  the  current 
in  the  diode  at  peak  power  to  the  mean  diode  current  (=mean  current  weighted  with  the  yield- 
function  of  LiF-Cu-activation).  The  voltage  Vd,p  is  the  diode  voltage  at  the  mid  radius  of  the 
diode  at  the  moment  the  electrical  power  in  the  diode  reaches  its  maximum  and  is  determined 
by  applying  inductive  correction  terms  to  the  voltage  measured  at  the  water/vacuum  interface 
or  to  the  voltage  measured  by  a  vacuum  voltage  monitor.  The  main  result  of  16  activation 
measurements,  which  are  described  in  detail  in  [3]  is  that  the  peak  proton  power  density  in  the 
focus  ranges  from  0.1  to  0.19  TW/cm^  with  a  most  probable  value  of  (0.15  ±  0.05)  TW/cm^ 
only  instead  of  the  0.25  TW/cm^  quoted  earlier  [4].  This  reduction  is  mainly  caused  by 
sensitivity  differences  in  different  batches  of  LiF-targets. 

2.  Since  foil  accelerating  experiments  and  LiF/Cu  activation  measurements  cannot  be  carried 
out  at  the  same  shot  attempts  were  made  to  relate  the  LiF/Cu  activation  results  to  the 
measured  voltage  or  current  at  the  diode.  The  electrical  signals  measured  near  the  diode  are 
consistent  with  all  other  diagnostics  of  the  KALIF  generator  and  are  also  in  agreement  with 
transmission  line  calculations.  Therefore  they  are  considered  as  reliable.  But  there  is  a  lack  of  a 
clear  relation  between  the  peak  proton  power  density  found  in  activation  experiments  and  all 
other  diagnostics  (Fig.  2). 
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Fig.  2:  Comparison  of  the  mean 


The  fraction  of  the  mean  proton  current  collected  in 
the  activation  target  was  between  22%  and  33%  of  the 
mean  diode  current  (  Lut )  and  from  36%  to  63%  of  the 
mean  ion  current  <  Lm  -  hn  >•  This  means  that  only 
about  a  third  of  the  total  electrical  energy  flowing  into 
the  diode  is  transferred  to  protons  with  energies  above 
the  500  keV  activation  threshold  of  LiF  and  that  most 
of  the  diode  current  Lui  is  due  to  either  protons  of 
lower  energies  or  heavier  ion  species  or  to  electron 
losses.  The  even  larger  spread  in  the  fraction  of  the 
mean  ion  current  might  indicate  that  in  addition  also 
the  focusing  properties  -  described  by  the  coefficient  f 
do  not  remain  constant.  This  is  clearly  demonstrated 


currents  from  activation  and  electrical  quite  different  peak  proton  power  densities 
measurements  measured  in  experiments  with  very  similar  electrical 

characteristics  and  vice  versa.  All  these  observations 
mean  that  for  a  shot  showing  „normar‘  electrical  signals  no  possibility  exists  to  reduce  the 
experimental  uncertainty  of  the  peak  proton  power  density  achieved  in  the  focus. 


3.  Time  history  and  composition  of  the  beam. 

With  the  observations  described  above  a  precise  and  reliable  time  history  of  the  proton  power 
density  in  the  focus  cannot  be  established  on  basis  of  the  measured  currents  and  the  voltage  at 
the  diode.  Therefore  the  curve  achieved  by  scaling  the  peak  proton  power  density  from 
activation  measurements  of  0.15  TW/cm^  to  the  peak  of  the  ion  power  in  the  focal  plane 
should  be  considered  as  a  best  estimate  only  (  Fig.  3  ).The  fast  rising  leading  edge  is  due  to 
'bunching'  of  the  protons:  lower  energy  protons  start  earlier  in  time  and  reach  the  target 
together  with  protons  bom  later  but  accelerated  to  higher  energies.  This  sharp  rise  was  also 
observed  by  the  foil  accelerating  experiments  [1].  The  steep  increase  also  can  be  seen  by 
magnetically  insulated  Faraday  cups  placed  on  different  radial  positions  behind  the  cathode 
(Fig.  4).  The  delay  of  1  Ins  in  the  cup  signals  from  different  radii  is  related  to  the  turn  on  cha¬ 
racteristics  of  this  diode. 
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Fig.  3.  Proton  power  density  and  energy  in 
Fj"  the  focus,  estimated  from  electrical  signals 
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Indications  on  the  composition  of  the  ion 
beam  were  achieved  from  experiments 
where  6  pm  thick  aluminum  foils  were 
placed  some  millimeters  in  front  of  the 
Faraday  cups.  The  signals  of  unfiltered  and 
filtered  Faraday  cups  show  no  significant 
difference  for  most  of  the  time.  This  indi¬ 
cates  that  the  ion  beam  does  not  contain  a 
significant  fraction  of  carbon  ions.  This  result,  which  is  also  confirmed  by  time-of-flight  meth¬ 
ods  may  be  due  to  the  dense  plasma  between  the  vanes,  where  carbon  ions  may  have  been  ab¬ 
sorbed. 


With  the  focused  power  density  reduced  to 
0.15  TW/cm^  and  the  spread  of  ±0.05 
TW/cm^  a  much  better  agreement  was 
achieved  between  calculated  and  measured 
foil  acceleration  data  [5].  However  the 
pulse  length  is  certainly  not  below  60  ns 
and  could  not  be  reduced  to  half  as  sug¬ 
gested  in  [2],  which  in  [5]  is  now  accepted 
by  theory.  The  rather  large  experimental 
uncertainty  in  the  determination  of  the  peak 


Fig.  4.  Averaged  signals  of  Faraday  cups  at  diffe-  proton  power  density  is  limiting  the  verifi- 
rent  radial  positions  cation  of  impact  target  codes  as  well  as  the 

determination  of  e.g.  equation  of  state  data  used  in  these  codes.  It  seems  to  be  not  possible  to 
generate  ion  beams  with  better  reproducibility  with  this  B©-diode.  The  following  paragraph 
tries  to  give  an  explanation  for  this  and  gives  hints  to  improve  the  situation. 


Operating  principle  of  the  present  Be-diode. 

In  addition  to  the  measurements  reported  so  far  the  sum  of  the  operating  experience  with  this 
diode  includes  the  following  observations:  The  diode  operates  best  if  the  voltage  pulse  starts 
with  a  60  ns  long  precursor  of  100  kV  before  rising  to  its  final  value  of  1.0  to  1.6  MV.  During 
this  precursor  no  ion  emission  is  observed;  ions  are  only  emitted  after  a  voltage  of  1  MV  is 
achieved.  The  ion  emission  starts  first  at  the  inner  part  of  the  anode  as  shown  by  Faraday  cup 
results  and  confirmed  by  an  enhanced  erosion  at  the  inner  edge  of  the  anode,  and  due  to  the 
observed  damage  pattern  most  of  the  electron  losses  occur  at  one  side  of  the  6  posts  at  the 
back  side  of  the  anode.  Combining  these  results  the  diode’s  operation  can  be  described  in  four 
phases: 

First,  electron  emission  starts  on  all  surfaces  where  the  field  strength  is  sufficient  during  the 
voltage  ‘foot’;  electrons  from  the  vanes  impact  on  the  plastic  anode  inlay  and  start  to  produce 
an  anode  plasma;  plasma  formation  starts  also  at  the  rear  side  of  the  anode.  Second,  while  the 
voltage  rises  electron  losses  increase,  especially  at  the  anode  support  posts,  where  the  insulat¬ 
ing  B©  -field  is  partly  balanced  by  the  current  flowing  through  the  posts.  These  posts  act  as  6 
electron  diodes.  In  the  third  phase  the  current  of  the  6  electron  diodes  generates  the  Be-field 
that  insulates  the  front  ion  diode.  Ion  current  is  produced  for  about  60  ns.  Neutralizing  elec¬ 
trons  are  taken  from  the  plasma  at  the  vanes.  Finally  expanding  plasmas  in  the  6  electron  di¬ 
odes  as  well  as  the  ion  diode  short  out  the  gaps;  the  ion  emission  stops.  The  magnetic  energy 
decays  according  to  its  L/R  time  constant  -  completely  decoupled  from  the  KALIF-generator. 
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In  this  process  the  field  emission  edge  is  not  essential  because  most  of  the  electrons  come  from 
the  vanes  and  are  lost  in  the  6  electron  diodes.  Therefore  the  field  emission  edge  (Fig.  1)  was 
removed  in  three  consecutive  steps  with  no  decrease  of  the  diode  performance. 


Particle-in-cell-simulations  and  a  new  design  of  the  Be  -  Diode. 

Simulations  using  the  two  dimensional,  stationary  code  BFCPIC2D  [6]  reported  earlier  sup¬ 
ported  the  assumption,  that  most  of  the  electrons  emerge  from  the  field  emission  edge,  since  it 
was  the  area  of  the  highest  electric  field.  The  vanes  appeared  as  flat  surface  with  much  less 
field.  The  6  posts  could  not  be  modeled  in  two  dimensions;  however  the  current  flowing 
through  them  was  treated  correctly.  Fig.  5  shows  the  electron  current  density  distribution. 
Omitting  the  field  emission  edge  enhanced  the  electron  emission  at  other  parts  of  the  surface, 
especially  at  the  vanes.  But  the  diode  maintains  its  function  as  Fig.  6  shows.  The  values  for 
electron  and  ion  current  obtained  by  the  simulations  do  not  show  detailed  agreement  with  the 
measured  numbers,  but  they  show,  that  omitting  the  field  emission  edge  does  not  drastically 
change  the  properties  of  the  diode.  Since  the  6  posts  acting  as  electron  diodes  suffer  the  most 
serious  damage  and  moreover,  can  be  treated  only  with  tricks  in  the  PIC-code  a  design  was 
suggested  (Fig.  7),  where  these  posts  are  replaced  by  a  solid  ring,  while  their  task  -  providing 
the  Bo  -  field  -  is  maintained  by  a  specifically  designed  electron  diode  placed  in  the  back  of  the 
diode  close  to  the  axis^  where  the  damage  is  less  serious  and  replacement  of  parts  is  easier. 
This  has  also  the  advantage,  that  two  parameters  can  be  adjusted  separately:  The  geometry, 
especially  the  gap  distance  of  the  electron  diode  adjusts  the  insulating  Be-field,  while  the  gap 
between  anode  and  vanes  adjusts  the  ion  current.  Experiments  on  this  diode  are  under  way. 


z-axis  (mm)  z-axis  (mm) 


BFCPIC2D-simulation  results:  electron  current  density 
Fig.  5:  present  diode  Fig.  6:  FE~edge  omitted  Fig.  7:  New  design 
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Abstract 

Various  diagnostic  methods  and  instruments  are  under  development  at  FZK  to  measure 
important  physical  quantities  in  the  accelerating  gap  of  high  power  ion  diodes  on  KALIF  with  high 
spatial  and  temporal  resolution.  These  methods  include  optical  spectroscopy,  refractive  index 
measurements,  dispersion  interferometry,  and  high  resolution  ion  energy  analysis.  The  paper  describes 
the  set-up  of  these  diagnostics  and  first  results  obtained  for  applied  and  selfinagnetically  insulated 
diodes. 

Introduction 

Beam  quality  is  the  main  issue  of  intense  light  ion  beam  production  and  focusing.  Beam  quality 
does  not  only  comprise  divergence  but  also  ion  energy  spread,  purity,  uniformity,  ion  canonical  angular 
momentum,  etc.  Beam  quality  is  tightly  connected  to  diode  operational  stability.  Most  of  the  effects  that 
influence  beam  quality  have  their  origin  inside  the  diode  gap.  Although  substantial  progress  has  been 
made,  both  theoretically  and  experimentally  to  understand  the  sources  of  beam  imperfections,  many 
important  details  remain  unknown.  Especially,  the  dynamics  of  the  anode  plasma  and  the  electron  sheath 
in  high  power  diodes  is  not  well  understood. 

Optical  diagnostics  -  spectroscopic,  interferometric,  deflection-  can  yield  detailed  information  on  the 
electromagnetic  fields  and  particle  distributions  in  the  electrode  plasmas  as  well  as  in  the  diode  gap. 
Therefore,  we  have  begun  to  set-up  a  diagnostic  effort  to  measure  some  of  the  main  quantities  with  high 
spatial  and  temporal  resolution.  This  includes  ion  spectroscopy,  dispersive  interferometry,  refractive 
index  gradient  measurements,  and  high  resolution  ion  energy  analysis. 

In  this  paper  we  report  on  the  status  of  these  developments  and  present  first  results. 

Ion  spectroscopy 

The  characteristics  of  the  diode  have  been  described  elsewhere  [1]  and  will  not  be  repeated  here. 
The  spectroscopic  system  consists  of  two  Csemy-Tumer  spectrographs  with  1  and  0.5  m  focal  length 
respectively.  An  intensified  gated  diode  array  of  750  active  elements  is  used  as  the  detector  at  the  exit  of 
the  0.5  m  system.  A  similar  detector  system  or  an  array  of  15  photomultipliers  can  be  used  with  the  1  m 
system.  The  photomultipliers  are  coupled  to  the  spectrograph  via  a  quartz  fiber  bundle  consisting  of  15 
columns  with  40  fibers  each.  A  spatial  resolution  of  less  than  0,5  mm  and  a  temporal  resolution  of  10  ns 
for  the  diode  array  and  of  2  ns  for  the  photomultiplier  array  can  thus  be  realized.  A  spectral  resolution  of 
0.5  A  was  obtained. 

Since  we  tried  to  exploit  the  natural  contaminants  of  our  anode  plasma  the  the  major  hindrance  to  the 
measurements  became  intensity.  The  intensity  of  most  lines  was  insufficient  to  extend  the  measurements 
far  into  the  gap.  It  turned  out  that  doping  of  the  anode  surface  either  locally  or  globally  changes  the  diode 
characteristics  too  much  and  therefore  is  of  limited  value. 

Thus,  mainly  carbon  (C  I  2479  A,  C  II  6578  A,  C  III  2297  A,  C  III  4647  A,  C  IV  5802  A  )  and  hydrogen 
(H„,  Hp  )  lines  are  used  to  determine  nj,  ne,  Tg,  as  well  as  the  particle  flux,  the  B-field,  and  the  ion 
trajectory  deflection. 

The  general  structure  of  the  C  II  -  C  IV  line  intensity  evolution  in  the  anode  plasma  is  presented  in  fig.  1. 
Here  the  line  of  sight  was  0.25  mm  from  the  solid  surface  and  the  spatial  resolution  was  0.5  mm. 
Synchronously  to  the  C  II  line  is  created  during  the  initial  phase  of  the  sliding  discharge  across  the 
Pd  covered  TiH  film  on  the  anode  surface[2].  It  is  assumed  that  the  origin  of  these  carbon  ions  are 
surface  contaminants  released  during  the  early  heating  of  the  metal  films.  After  the  beginning  of  ion 
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Fig.l  Time  evolution  of  the  emission 
intensity  of  C II,  CIII,  C IV,  and  Ha  lines 


cunrent  extraction  the  return  current  continues  to  heat  the 
plasma  and  a  transition  from  C  II  to  CIV  occurs.  At  the  same 
time,  the  line  disappears,  indicating  complete  ionization 
of  the  plasma.  Since  we  observe  a  more  rapid  decay  in  space 
of  the  line  intensities  in  the  diode  gap  than  expected  from  a 
space  charge  limited  current  density  distribution  we  must 
conclude  that  the  electric  field  is  shielded  by  a  hydrogen 
plasma  in  front  of  the  carbon  plasma.  Shifting  the  line  of 
sight  of  the  spectrometer  into  the  gap  shows  that  the  visible 
component  of  the  anode  plasma  does  not  expand  more  than  1 
mm  into  the  gap  during  the  whole  pulse.  Tliis  is  confirmed  by 
the  refractive  index  diagnostics  (see  below). 


Nonlinear  dispersion  interferometer 

The  main  purpose  of  the  dispersion  interferometer  is  to  measure  the  electron  density  in  the  ion 
diode  acceleration  gap.  For  a  mean  cord  length  of  3  cm  through  the  ring  shaped  ion  emitting  area,  the 
line  density  (n*l)  is  expected  to  be  around  lO'^  cm  ^  .  This  line  density  will  cause  a  very  small  fringe  shift 
of  less  than  1/100  wavelength  and  therefore  a  veiy  sensitive  interferometer  is  needed.  Besides 
sensitivity,  stability  and  simplicity  are  desirable  in  the  hostile  environment  of  the  accelerator.  The 
dispersion  interferometer  first  proposed  in  [3]  comes  close  to  these  requirements. 

Drf^o,2  important  property  of  the  dispersion  interferometer  is 
/Q  that  its  two  probe  beams  use  the  same  optical  path 
P  GiaivPrtuna  through  thc  object  which  makes  it  rather  insensitive  to 
^  mechanical  vibrations  of  its  optical  elements.  Thus 

additional  measures  for  stabilization  are  unnecessary.  The 
general  set-up  of  the  interferometer  is  shown  in  fig.  2. 
Both  the  fundamental  wave  of  a  Nd:YAG  laser  and  its 
second  harmonic  are  transmitted  through  the  plasma. 
After  exiting  from  the  plasma  the  infrared  beam  is 
frequency  doubled  a  second  time.  Both  green  beams  are 
polarized  perpendicular  to  each  other.  Their  relative  phase 
shift  is  detemiined  by  the  wavelength  dependance  of  the 
optical  pathlength.  For  a  plasma  this  is  proportional  to  the 


(p  =  4.5  •  10  '^  cm*  pjl 


NonHnear  Crystal  > 


Nonlinear 

P  ' 


Fig.l  Set-up  of  the  nonlinear  dispersion 
interferometer  system 
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pathintegral  of  the  electron  density  with  a  high  degree  of  accuracy  if  the  wavelengths  are  far  away  from 
any  ionic  or  atomic  resonances.  A  Gian  polarizer  whose  transmission  axis  is  fixed  at  45°  with  respect  to 
both  beam  polarizations  splits  the  beams  with  equal  intensities  into  both  polarization  directions.  Tluis  the 
split  beams  can  interfere  at  the  position  of  the  two  detectors.  However^  the  relative  phase  shift  in  both 
interference  patterns  is  it.  Tluis  subtracting  the  detector  signals  from  each  other  can  lead  to  complete 
cancelation  of  the  difference  signal.  Using  a  Soleil-Babinet  compensator  in  the  beam  path,  this  phase 
shift  can  be  adjusted  before  the  experiment,  i.e.,  without  the  object. 

On  the  other  hand,  there  are  special  requirements  to  the  laser  system  of  the  interferometer.  Tlie  intensity 
must  be  high  enough  for  frequency  conversion,  and  single  frequency  operation  is  needed  to  get  a  smooth 


intensity  profile  on  a  ns  time  scale. 

At  present,  a  seeded,  pulsed  Nd:YAG  laser  with  a  pulsewidth  of  10  ns  and  a  pulse  energy  of  about  100 
mJ  is  used.  As  the  short  pulses  give  no  complete  measurement  of  the  KALIF  shot,  the  interference  image 
must  be  compared  to  a  reference  measurement  similar  to  a  holographic  method.  Tliis  limits  the  sensitivity 
to  about  30  mrad  corresponding  to  d(rel)  ~  10  cm  because  of  small  drifts  from  pulse  to  pulse. 

Presently  an  alternative  single  frequency  cw  laser  system  is  under  consideration.  To  achieve  an  intensity 
sufficient  for  frequency  conversion  the  laser  beam  must  be  transmitted  through  several  amplifiers.  With 
the  resulting  quasistationary  beam  the  complete  KALIF  pulse  can  be  analyzed  in  one  shot,  and  the 
sensitivity  of  the  dispersion  interferometer  can  be  improved  by  one  to  two  orders  of  magnitude.  First 
results  with  the  short  pulse  laser  system  in  the  immediate  neighbourhood  of  the  anode  showed  that  late  in 
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Fig,  3  Electron  density  gradient  at  different  lines  of 
sight,  0.5,  1,  and  2  mm  from  the  anode.  VT  is  the 
generator  voltage 

the  KALIF  pulse  an  electron  density  of  more  than  10^^ 
could  not  yet  been  made. 


Electron  Energy  (MeV) 


Fig.  4  F(y),  the  relativistic  factor  describing 
the  phase  shift  multiplier  for  different 
electron  energy  distributions 

cm'^  is  reached.  Measurements  at  earlier  times 


RING-diagnostic 

A  Refractive  INdex  Gradient  (RING)“diagnostic  permits  to  measure  the  gradient  of  electron  and 
neutral  densities  in  a  plasma.  It  has  been  used  previously  by  other  authors  [4,5].  It  is  based  on  the 
deflection  of  a  laser  beam  transmitted  through  a  plasma  with  density  gradients.  The  angle  of  deflection  is 
given  by  the  following  equation 

5({)  =  — 

where  n  =  1  -f  K  n  are  the  perturbed  and  unperturbed  indexes  of  refraction  respectively.  The 

integration  has  to  be  carried  out  along  the  laser  beam  path.  The  Ki  are  constants  representing  the  different 
particle  species.  Their  values  range  from  0.5-10  to  50-10  cm  . 

The  basic  scheme  of  the  diagnostic  set-up  on  KALIF  is  as  follows:  After  passing  through  the  plasma  the 
cw  laser  beam  is  focused  onto  two  glass  fibres  positioned  next  to  each  other.  The  use  of  fibres  is  the  main 
difference  compared  to  previous  set-ups  [4,5].  The  advantage  of  our  arrangement  is  that  much  faster 
photodiodes  can  be  used  and  the  time  resolution  can  almost  be  increased  10  times  compared  to  bi-cell 
detectors  [4,5].  However,  the  sensitivity  is  somewhat  reduced.  We  expect  temporal  and  spatial 
resolutions  of  t  2  ns  and  5x  «  0.2  mm.  The  sensitivity  of  our  instrument  is  Vnl^nin^  3-10^^  cm'^. 

Fig.  3  shows  the  time  evolution  of  the  electron  density  gradient  at  different  distances  from  the  anode.lt  is 
observed  that  the  electron  density  gradient  diminishes  by  more  than  one  order  of  magnitude  on  a  scale 
length  of  less  than  0.5  mm.  Also,  as  expected,  the  maximum  gradient  steadily  decreases  if  the  line  of 
observation  is  shifted  away  from  the  anode.  However,  the  plasma  front  does  not  reach  farther  than  1  mm 
into  the  gap  before  the  end  of  the  pulse. 

Phase  shift  of  a  laser  beam  passing  through  a  cloud  of  relativistic  electrons 

Applying  interferometric  and  refractive  index  diagnostics  to  high  power  ion  diodes  containing 
relativistic  electron  clouds  requires  a  careful  consideration  of  the  effect  of  these  electrons  on  the 
measurements.  We  assume  that  the  incident  laser  beam  propagates  parallel  to  the  magnetic  field  lines 
which  are  considered  to  be  so  strong  that  the  electrons  move  along  these  lines  too. 
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Fig.  5  Ion  energy  distribution  measured  with 
the  magnetic  energy  analyzer  (contour  plot) 
compared  to  the  voltage  curve  derived  from  the 
electrical  (capacitive)  monitor.  The  result  shown 
was  obtained  for  selfmagnetically  insidated  Bg- 
diode 


Tim*  [n*J 

Fig.  6  Same  as  fig.  5,  but  residt  obtained  for  the 

B„pprdiode. 


The  fringe  shift  of  the  wave  is  proportional  to  the  path  integral  of  the  refractive  index  and  in  case  of  a 
single  energy  group  of  electrons  may  be  written  in  the  following  form5(ti(Y)  =  F(y)5<I)o,  where  50o  is 
the  fringe  shift  for  the  case  of  nonrelativistic  electrons.  F(y)  is  an  additional  coefficient  that  depends  on 
the  relativistic  factorY  ofthe  electrons.  F(y)  =y(1+P)  for  a  movement  of  the  electrons  into  the  direction 
of  wave  propagation  (positive  direction)  and  F(y)  =  1/y  (1+P)  for  the  opposite  movement  (neptive 
direction).  For  the  case  of  an  ion  diode  the  relativistic  factor  has  to  be  calculated  in  accordance  with  the 
electrical  potential  at  the  position  under  consideration:  y  =  1  +  e  (cp  -  cpc  )  /  m  c**2. 

The  results  show  that  in  the  presence  of  relativistic  electrons  the  fringe  shift,  measured  e.g.  with  the 
RING  diagnostic,  does  not  only  depend  on  the  electron  density  but  also  on  their  relative  movement  with 
respect  to  the  laser  beam  path. 

Magnetic  Energy  Analyzer 

A  high  resolution  magnetic  energy  analyzer  has  been  built  to  measure  the  ion  energy  distribution.  It 
consists  of  a  circular  permanent  magnet  system  with  a  diameter  of  0.22  m  and  a  field  strength  of  0.76  T. 
An  array  of  16  1  mm^  pin  diodes  is  used  to  register  the  ion  energy  as  a  function  of  time.  A  3000  A  thick 
gold  layer  deposited  on  a  1 .5  pm  mylar  foil  positioned  at  the  beam  focus  is  used  to  Rutherford  scatter  the 
protons  through  the  collimator  infront  of  the  magnet.  The  energy  resolution  of  the  system  is  better  than 
30  keV  for  the  ion  energy  range  below  2  MeV.  The  energy  of  the  pin-diode  channels  was  calibrated  on  a 
Van  De  Graaff  generator.  Results  are  shown  in  fig. 5  and  6  for  the  Be  and  the  B^ppi  diode  respectively. 
Although  certain  differences  appear  between  the  electrically  measured  voltage  pulse  shape  and  the  ion 
energy  behaviour,  there  is  no  clear  indication  of  ion  energies  greater  than  the  applied  voltage.  However 
the  width  ofthe  energy  distribution  is  typically  between  10  and  20%  ofthe  mean  energy,  i,e,  between 
100  and  200  keV,  It  is  somewhat  larger  for  the  selfmagnetically  insulated  diode.  Systematic  errors  in  the 
derived  voltage  curves  become  visible  during  the  rising  part  of  the  curve  in  case  of  the  B^ppi  diode  and 
during  the  falling  part  in  case  of  the  Be  diode.  These  are  probably  due  to  the  Ldl/dt  correction  which  can 
be  erroneous,  especially  in  the  case  of  the  B^ppi  diode  because  of  the  use  of  plasma  opening  switches  in 
the  power  feed, 
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ABSTRACT 

In  the  frame¬ 

work  of  the  one-dimensional  vortex-like 
electron  fluid  model  in  applied-B  ion 
diodes  (see  [1])  the  numerical  calcula¬ 
tions  are  presented,  where  the  electron 
inertia  effects  are  taken  into  account. 
The  existence  of  the  additional  relation 
between  the  magnetic  field  and  the  elec¬ 
tric  potential  gives  a  possibility  to  re¬ 
duce  the  ion  diode  problem  to  the  sys¬ 
tem  of  the  algebraic  equations  for  the 
constants  introduced.  The  ion  current 
density  in  an  ion  diode  is  determined 
only  by  the  magnetic  flux  cut  out  by 
the  virtual  cathode.  As  an  illustration, 
the  ion  diode  impedance  for  the  KALIF 
device  is  calculated. 

1  INTRODUCTION 

The  last  computer  simulations  of  the 
applied-B  ion  diodes  [2,  3]  show  that 
the  electron  density  profile  in  the  ion 
diode  gap  between  the  anode  and  the 
virtual  cathode  has  a  maximum  value 
near  the  anode.  This  effect  has  a  sim¬ 
ple  interpretation  within  the  frame  of  a 
new  applied-B  ion  diode  model  [4,  5], 
where  the  electron  mixing  and  screen¬ 
ing  processes  are  taken  into  account.  At 


present  time  a  new  theory  of  an  applied- 
B  ion  diode  is  developed  [1],  where  elec¬ 
tron  inertia  effects  are  taken  into  ac¬ 
count.  For  the  case  when  magnetic  De¬ 
bye  length  rs  —  BjiTcene  is  of  the  order 
of  the  electron  collision  depth  cjujpe,  the 
mixing  processes  result  in  smoothing- 
out  of  the  Lagrange  invariant  I  =  D/ue 
{0,  —  B  —  (c/e)[V  X  pIz  -  the  electron 
vorticity)  over  the  entire  diode  gap  and 
building-up  of  the  electric  field  screen¬ 
ing  at  the  size  scale  r^.  In  addition,  the 
magnetic  Debye  length  rs  is  constant 
all  over  the  anode  gap  and  has  only  a 
slight  time  dependence.  From  the  defi¬ 
nition  of  the  magnetic  Debye  length  it 
is  clear  that  the  magnetic  flux  conserva¬ 
tion  in  the  diode  gap  results  in  decreas¬ 
ing  of  the  magnetic  Debye  length  by  the 
increasing  of  number  of  electrons  in  the 
diode  gap. 

Thus,  in  contrast  with  the  state  = 
const  postulated  in  [6]  an  adiabatic  law 
R/ug  =  const  there  arises. 

2  REDUCTION  OF  THE  ION 
DIODE  PROBLEM  TO  ALGE¬ 
BRAIC  EQUATIONS 

In  according  with  the  paper  [1]  the  ion 
diode  is  governed  by  the  system  of  equa- 
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tions 
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where  for  the  dimensionless  density  u 
there  exists  the  available  expression 


Later  on  the  dimensionless  counter¬ 
part  of  equation  (4)  will  be  very  useful 

^  =  -ajdhg,  (5) 

ax 

where 

ip  —  1  =  o;[7  —  1+  A(6  —  1)] 


J 7^/ -x/l  “  'f>  4" 
7  -f  A6 


(3) 


Here  are  introduced  the  normalized 
functions 


6  = 


n 


is  the  dimensionless  electric  potential 
and  a  =  meC^/ef/. 

From  the  equations  (1)  and  (5)  it  fol¬ 
lows  the  integral  relation 

A  ,  1  Cl  —  'v/l  +  a 

- -  6  =  5 - 

1  -j-  A  a 

where 


and  the  normalized  coordinate  xujq /c 
X,  where  Ba  -the  anode  surface  mag¬ 
netic  field, 
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The  arbitrary  constant  no  is  introduced 
for  convenience  and  not  enters  in  the 
final  results. 

One  can  see  that  near  the  anode  the 
electron  density  has  an  integrable  sin¬ 
gularity.  Here  the  coordinate  x  is  mea¬ 
sured  from  the  anode  surface  (x  =  0) 
to  the  virtual  cathode  surface  {x  =  d), 
after  which  the  electric  field  becomes 
zero. 

Of  course,  the  drift  equation  for  the 
electron  motion 


Ex  4 - VyBz  —  0 

c 


(4) 


is  valid  also,  but  /'  =  Bju^  is  no  longer 
equal  to  a  constant  value. 


a(s)  =  — 1  4-  A^  —  4A^  J 


s. 


In  this  case  the  eigenvalue  problem 
for  the  second  order  system  can  be  re¬ 
duced  to  algebraic  equations  for  the 
finding-out  of  the  constants  introduced. 

Eq.(6)  permits  to  obtain  the  follow¬ 
ing  expression  for  7 


A6 

^  y/l  +  a 

The  ion  current  density  ji 


(7) 


,  _  JA^  /2Zme  rtieC^  .  . 

~  y/a  V  rrii  Airerl' 


(  ro  =  |/|/47re  -  the  magnetic  Debye 
length  ),  depends  on  the  dimensionless 
constants  J,  A  and  a.  These  constants 
must  be  calculated  starting  from  the 
additional  conditions.  The  equilibrium 
condition  inside  the  ion  gap  gives  the 
following  relation  among  the  constants 

IBo 

AirmeC^ 

(9) 


Aq,  Ao 
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In  addition,  from  the  equilibrium 
condition  at  the  virtual  cathode  one  can 
obtain 


_  1  +  A  -  1/q 
1  +  Aq 


(10) 


Besides,  there  exists  conservation  law 
of  the  vorticity  flux  that  can  be  pre- 
sented  in  the  form 


a 


/ 


7 


\/7^  -  1 


d^p 


(11) 


of  the  magnetic  flux  11  in  a  experimen¬ 
tal  device  one  can  consider  that  the  ex¬ 
perimental  dependence  U  ~  U{t)  coin¬ 
sides  with  the  calculated  dependence 
a"^(Ao)  by  the  appropriate  choice  of 
Ao  =  Ao(i). 

Making  use  the  time  dependence  of 
Ao  obtained  one  can  calculate  the  elec¬ 
tron  number  related  to  the  unit  area 
in  the  plane  {x^  y) 


47reAo 


and  the  integral  conservation  of  the 
electric  neutrality 

n  =  ^/  . ,  \  (12) 

Here  the  equality  H  =  const  for  the 
dimensionless  magnetic  flux  between 
the  anode  and  the  virtual  cathode  can 
be  considered  as  an  initial  condition. 

3  CALCULATION  OF  THE  ION 
CURRENT  DENSITY  FOR  THE 
DIODE 

The  simple  transformation  of  the  inte¬ 
gral  expression  (11)  by  the  account  of 
(12)  leads  to  the  conclusion  that 

7U  =  1.  (13) 

It  means  that  the  ^-function  electron 
layer  at  the  virtual  cathode  is  absent 
in  the  model  presented.  This  gives  a 
possibility  to  exclude  the  constants  J 
and  A  with  the  help  of  Eqs.  (9),  (10) 
and  (13).  So,  from  the  relation  (11)  one 
can  obtain  the  functional  dependence 
a  “  a(Ao),  where  a  has  a  minimum  as 
a  function  of  Aq.  By  the  conservation 


As  an  illustration,  further  on  the  ex¬ 
perimental  results  on  the  KALIF  de¬ 
vice  are  analyzed  within  the  framework 
of  the  theory  presented.  By  using  the 
experimental  oscillogram  for  the  shot 
number  3947  one  can  calculate  the  ion 
current  density  from  the  formula 


Ji 


ii  = 


2A  -f-  1  I^ZttIq  €-Bq 
4A2 


rrii  47rmec’ 


(15) 


where  the  dimensional  parameter  A  — 
aAo  is  introduced.  Given  a{t)  and  for 
the  known  function  a(Ao)  the  calcu¬ 
lated  ion  current  density  is  plotted  on 
Fig.  1. 


Figure  1:  The  experimental  (1)  and 
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the  calculated  (2)  ion  current  densities 
for  the  given  voltage  by  KALIF  device. 

Of  course,  the  model  presented  not 
takes  into  account,  for  example,  the 
electron  motion  along  the  magnetic 
field.  On  the  other  hand,  the  discrep¬ 
ancy  between  the  predicted  and  exper¬ 
imental  values  can  be  assigned  to  the 
possible  magnetic  flux  losses  in  the  real 
experiment.  The  additional  calcula¬ 
tions  show  that  by  the  decreasing  of  11 
with  time  the  discrepancy  between  the 
predicted  and  experimental  values  are 
reduced.  Also,  it  is  well  to  bear  in  mind 
that  the  theory  presented  is  primarily 
related  to  the  ’’barrel  diode”  geometry. 

Fig.  2  shows  the  appropriate 
accumulation,  where  the  characteristic 
value  Ue  —  Ne/d  is  in  accordance  with 
the  numerical  simulations  [3]. 


Figure  2:  The  calculated  accumula¬ 
tion  of  the  electron  number  Ng  per  unit 
area  in  the  plane  {x,y). 


4  CONCLUSION 

The  model  presented  is  developed  in  the 
framework  of  the  cold  relativistic  elec¬ 
tron  fluid.  The  main  feature  of  such  a 


fluid  model  for  the  case  BV  =  0  is  the 
conservation  of  the  electron  vorticity 

^  +  V(to,)  =  0,  n  =  n„  (16) 

oi 

which  together  with  the  electron  con¬ 
tinuity  equation  give  the  Lagrange  in¬ 
variant  1  =  fl/ng.  The  diffusion 

smoothing-out  of  the  value  /  leads  to 
the  simplified  equations,  which  can  be 
reduced  to  algebraic  eqations,  contain¬ 
ing  only  two  experimental  parameters: 
the  total  magnetic  flux  and  the  initial 
magnetic  field.  This  permits  to  calcu¬ 
late  the  ion  current  density  for  a  given 
voltage  plot  U (t). 
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ABSTRACT 

The  electron  inertia  effects  in  the  one¬ 
dimensional  model  of  the  applied-B  ion 
diode  for  the  relativistic  diode  poten¬ 
tial  eU/meC^  >  1  are  investigated,  when 
the  magnetic  Debye  length  rs  is  of  the 
order  of  the  collisionless  electron  skin 
depth  cjuipe-  For  this,  an  analytical  re¬ 
lation  between  the  magnetic  field  and 
the  electric  potential  is  discovered  that 
makes  it  possible  .to  reduce  the  second 
order  eigenvalue  problem  to  the  sys¬ 
tem  of  algebraic  equations.  Instabili¬ 
ties  inside  the  vacuum  gap  and  in  the 
near-anode  emitting  plasma  are  consid¬ 
ered.  In  the  near- anode  Hall  plasma  the 
instability  with  two  ion  species  is  ob¬ 
tained  that  can  give  contribution  to  the 
ion  angle  divergence. 

1  INTRODUCTION 

Ion  diodes  are  used  to  generate  high- 
power  ion  beams  to  be  focused  on  tar¬ 
gets  for  inertial  confinement  fusion  [1]. 
The  electron  magnetic  insulation  in  an 
applied-B  ion  diode  makes  it  possible 
an  essential  increasing  of  the  ion  cur¬ 
rent  [2]  .  The  last  computer  simula¬ 
tions  give  new  insight  into  the  physical 


processes  in  the  applied-B  ion  diodes 
[3,  4].  A  maximum  value  of  the  elec¬ 
tron  density  obtained  in  simulation  near 
the  anode  has  a  simple  interpretation 
within  the  frame  of  a  new  applied-B 
ion  diode  model  [5],  where  for  the  first 
time  was  formulated  an  idea  about  elec¬ 
tron  mixing  and  screening  processes  in 
ion  diodes.  Such  processes  result  in 
smoothing-out  of  the  Lagrange  invari¬ 
ant  I'  —  B/ug,  {B  -  is  z-component 
of  the  magnetic  field  )  over  the  entire 
diode  gap  and  building-up  of  the  elec¬ 
tric  field  screening  at  the  magnetic  De¬ 
bye  length  tb  =  B/Airene. 

In  the  present  paper  a  modified  elec¬ 
tron  fluid  model  is  proposed,  where  a 
new  Lagrange  invariant  I  =  fl/ug  is 
introduced  [6]  {Q  =  B  —  (c/e)curLp - 
the  electron  vorticity,  p-  the  relativistic 
electron  momentum).  Besides,  as  it  was 
shown  in  [6],  the  ion  diode  turbulence 
'results  in  a  diffusion  smoothing-out  of 
the  Lagrange  invariant  by  the  following 
diffusion  equation 

dL/dt  -h  (uo  +  {'n\V\)ln)VL  — 

=  (l/n)V(nDVL),  (1) 

where  D  is  a  turbulent  diffusion  tensor. 
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Thus,  a  new  equilibrium  rig  ~ 
arises. 

Also,  the  EMHD  instabilities  in  the 
ion  diode  gap  and  in  the  near-anode 
plasma  are  considered,  which  can  give 
rise  to  the  ion  divergence. 

2  SELF-CONSISTENT  MODEL 
OF  ELECTRON  FLUID  IN  AN 
APPLIED-B  ION  DIODE 


Here  are  introduced  the  normalized 
functions 


n 


ip  = 


$ 

U’ 


and  the  normalized  coordinate  xujo/c  ^ 
X,  where  Ba  -the  anode  surface  mag¬ 
netic  field, 


U! 


2 

0 


dTTe^no 

rrie 


IB, 

iTTirieC^  ’ 


The  relativistic  electron  fluid  is  de¬ 
scribed  by  the  equation 

^  +  Vvnc^  =  -eE-^v,n].  (2) 

at  c 

Here  ^  -  B  -  (c/e)curlp,  p  = 

qmu,  V  -  the  electron  velocity,  7  = 
1/y^l  —  v^/c^.  . 

From  Eq.  (2)  it  follows  for  the 
one-component  magnetic  field  and  by 
d/dz  =  Q  the  following  equation 


47rnomec2  ’  euoi/2Zef7/m,- 

The  arbitrary  constant  no  is  intro¬ 
duced  for  convenience  and  not  enters  in 
the  final  results. 

The  coordinate  x  is  measured  from 
the  anode  surface  (x  =  0)  to  the  virtual 
cathode  surface  {x  —  d  ),  after  which 
the  electric  field  becomes  zero. 

The  dimensionless  counterpart  of  the 
electron  drift  equation 


—  +  V(flUe)  =  Q,  =  (3) 

which  together  with  the  electron  conti¬ 
nuity  equation  gives  the  Lagrange  type 
equation  for  the  quantity  I  =  Cl fn,. 

From  Eqs.  (2)  and  (3),  taking  into 
account  the  Poisson  equation  and  the 
Amper  law  one  can  obtain  for  a  station¬ 
ary  case  after  simple  transformations 
the  system  of  equations 


Ex  -l — VyBz  —  0  (7) 

c 

may  be  represented  as 

^  =  -cv/?6p,  (8) 

ax 

where 

ip  —  \  —  a[')  —  1  A(6  —  1)] 


—  =  -ug,  (4) 

ax 

where  for  the  dimensionless  density  p 
there  exists  the  available  expression 


is  the  dimensionless  electric  potential 
and  a  =  me(?  jeU . 

Dividing  Eq.(4)  by  Eq.(8)  and  intro- 
ducing  a  new  ’’potential”  =  ^/l  -  (p, 
one  can  obtain  the  equation,  which  can 
be  integrated  analytically.  The  result  is 

[7] 


V  — 


J 7^/ y/l  —  if  -f- 

7  -f  A6 


(6) 


A 


1  +  A 


^  =  (9) 


-  1136- 


where 


a(5)  =  -1  +  A'  -  4A2  J 

J  =  J/13,  5  =  1  —  0^/q;(1  +  A), 

The  ion  current  density  ji 

.  _  JS?  I'lZnie  rrieC^ 

(  7'o  =  |/|/47re  -  the  magnetic  Debye 
length  ),  depends  on  the  dimensionless 
constants  J,  A  and  a,  which  can  be  cal¬ 
culated  starting  from  additional  condi¬ 
tions. 

The  equilibrium  condition  in  the  ion 
diode  takes  the  form 


IBo 

iirnieC^ 

(11) 

Besides,  the  vorticity  flux  conserva¬ 
tion 

d 

fldx  —  const 

0 

and  the  integral  neutrality  of  the  ion 
diode 

N,  =  ZN,  (12) 

must  be  taken  into  account.  Here  Ne 
and  Ni  -  the  particle  number,  related 
to  the  unit  area  in  the  (x,  y)  plane. 

An  additional  investigations  show 
that  for  this  model  the  6  -function  elec¬ 
tron  layer  at  the  virtual  cathode  is  ab¬ 
sent  and  the  electric  and  the  magnetic 
fields  are  continiuous. 


A"(l  -  — )  -  A^, 
a 


Ar 


3  EMHD  INSTABILITIES  IN  AN 
APPLIED-B  ION  DIODE 

The  investigations  of  the  ion  diode  in¬ 
stability  have  a  big  history.  The  suc¬ 
cessive  progress  in  this  region  results 


in  the  understanding  that  the  slow  in¬ 
stabilities  are  the  most  dangerous  ones. 
The  paper  [8]  seems  to  confirm  a  real 
instability,  which  discovered  in  recent 
numerical  calculations.  One  must  bear 
in  mind  that  ions  and  electrons  inside 
the  ion  diode  can  be  considered  as  a 
plasma-like  medium  with  the  electric 
field  screened  at  the  magnetic  Debye 
scale  I'B-  The  characteristic  parameters 
of  this  plasma  lie  in  the  EMHD  region 

[9] 

iTTrierneC^  <C  .6^  -C  47rn,m,c^  (13). 


The  instability  frequencies  of  the 
applied-B  ion  diode  have  an  abrupt 
change  in  some  point  of  the  diode  op¬ 
eration.  In  the  first  half  of  the  voltage 
pulse  there  exist  the  fast  disturbances, 
which  apparently  connected  with  the 
electron  diffusion  in  the  diode  gap. 
Such  instabilities  prevent  the  inclina¬ 
tion  from  the  condition  I  =  const  (  or 
/'  =  const  ).  The  corresponding  disper¬ 
sion  equation  in  the  quasiclassical  limit 
is  equal  [10] 


-3  ,  -2 

—U)  -f  KU) 


+  l-j- 


dlnrieo 

dlnBo 


Here 


(14) 


ojSb  „  Aire'^Z'^nioSg 

OJ  -  - ,ni  =  - r - = 

c  rtiiC^ 


B'o 


K  =  kSB,  and  k  -  the  frequency 
and  the  wave  vector  of  the  disturbances, 
no(x)  -  the  equilibrium  density,  Bo{x) 
-  the  magnetic  field,  Bq  =  dBo/dx. 

From  Eq.(14)  one  can  see  that  for  k  ~ 
1  and  d[nneo/d\nBo  <  0  the  instability 
can  exist  that  leads  to  the  smoothing- 
out  of  the  /'. 
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In  the  second  stage  of  the  voltage 
pulse  the  slow  disturbances  are  usually 
developed,  which  are  give  contribution 
to  the  ion  divergence.  Below  such  an  in¬ 
stability  will  be  considered,  which  arises 
in  the  near-anode  Hall  plasma  by  the 
account  of  two  ion  species:  hydrogen 
and  carbon.  The  basic  assumptions  will 
be:  1)  the  neglecting  of  the  electron  in¬ 
ertia;  2)  the  magnetized  electrons;  3) 
the  neglecting  of  the  heavy  component 
(carbon)  velocity;  4)  unmagnetized  ions 
(protons).  Withiii  a  framework  of  this 
approximations  the  main  equations  will 
be  the  following  ones:  Ohm’s  law 

0  =  -eUgE  -  {ene/c)[ve  x  B]  -  Ogj, 

(15) 

the  proton  motion  equation 
riimidvil dt  —  jSir  —  ai^Vi,  (16) 

and  proton  continuity  equation 

dm/dt  +  Vimvi)  =  0.  (17) 

Calculations  give  the  following  dis- 
pertion  equation  for  the  frequency  uj 

,2  (  in  i  _  EqUa 

(18) 

Estimate  for  the  KALIF  device  emit¬ 
ter  gives  the  increment  value 

Imiu  <  10®s“^  (19) 

4  CONCLUSION 

Thus,  the  turbulent  mixing  processes 
result  in  the  smoothing-out  of  the  value 
/  and  the  establishing  of  the  unique 
magnetic  Debye  length  over  the  en¬ 
tire  volume  of  the  diode  gap.  The  elec¬ 
tric  field  screening  at  the  lengh  rg  leads 


to  the  decreasing  of  the  effective  diode 
gap  (’’voltage  decay”)  and  also  to  the 
decreasing  of  the  phase  velocity  of  the 
disturbances  in  an  applied-B  ion  diode. 
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Abstract 

The  effect  of  the  electron  sheath  collapse  in  an  applied-B  ion  diode  due  to  the  presence  of  the 
resistive  anode  plasma  layer  is  found.  It  is  more  damaging  at  higher  diode  voltages  and  it 
may  be  responsible  for  the  parasitic  load  effect  observed  in  the  experiments. 

Introduction 

Applied-B  ion  diodes  are  used  for  the  generation  and  focusing  of  intense  ion  beams  in  the 
Inertial  Confinement  Fusion  Program.  The  basic  effort  has  been  to  increase  the  energy  and 
improve  the  quality  of  the  beams.  Experiments  show  that  there  are  many  obstacles  to  this,  and 
the  unstable  behavior  of  the  magnetized  electrons  is  among  them.  Describing  the  electron 
component  is  one  of  the  basic  problems  in  the  theory  of  ion  diodes.  The  reason  is  that,  in 
contrast  with  a  classical  Child-Langmuir  diode,  in  which  the  electrons  are  freely  accelerating 
between  the  electrodes,  an  ion  diode  requires  magnetic  insulation  of  the  electrons,  which 
would  otherwise  carry  most  of  the  current.  Magnetic  insulation,  however,  makes  the 
behavior  of  the  electrons  extremely  complicated. 

The  basic  goal  of  the  present  work  is  to  investigate  the  role  of  the  anode  plasma  in  the 
problem  of  stability  of  the  electron  sheath  in  the  diode.  Both  analytic  and  numerical 
approaches  are  used.  It  is  shown  analytically  that  the  infinitely  thin  electron  sheath  is 
generally  speaking  unstable  in  the  presence  of  a  resistive  anode  plasma  and  the  threshold 
thickness  of  the  plasma  layer  is  less,  the  greater  the  ion  current  enhancement  is.  The 
numerical  part  of  the  work  is  to  study  the  role  of  finite  electron  gyroradii  which  are  assumed 
to  be  zero  in  the  theory.  The  main  result  is  that  low-voltage  diodes  exhibit  better  stability  due 
to  the  limiting  effect  of  larger  gyroradii. 

Theory 

Let  us  consider  an  infinitely  thin  electron  sheath  in  the  diode  (Fig.  1),  the  position  of 
which  is  determined  by  the  balance  [1]  between  electrostatic  attraction  to  the  anode  and 
resulting 

magnetic  pressure  defined  by  the  extent  of  the  compression  of  the  magnetic  flux  captured  in 
the  gap  and  the  extent  of  the  expansion  of  the  magnetic  flux  captured  in  the  charge-neutral 
region 

Bl,plSn-Elpl8n=BlJSn.  (1) 

Here  the  left  side  represents  the  net  force  acting  on  the  sheath  from  the  anode  and  the  right 
side  represents  pressure  of  the  magnetic  flux  captured  in  the  charge-neutral  region  of  the 
diode.  The  presence  of  the  anode  plasma  results  in  a  different  scaling  for  the  two  forces:  the 
magnetic  one  and  the  electrostatic  one.  The  pressure  of  the  magnetic  flux  captured  to  the 
diode  gap  is  proportional  to  the  inverse  square  of  the  distance  from  the  sheath  to  the  anode, 
while  the  electrostatic  force  for  the  given  voltage  is  proportional  to  the  inverse  square  of  the 
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Fig.  1.  Geometry  of  the  model. 

distance  from  the  sheath  to  the  boundary  of  the  plasma  layer  (we  assume  here,  for  this  simple 
argument,  the  skin  time  for  the  magnetic  field  penetrating  into  plasma  to  be  small  compared 
with  the  pulse.duration).  If  both  forces  are  large  enough  compared  with  the  pressure  of  the 
magnetic  flux  captured  in  the  charge-neutral  region  (the  case  of  the  large  current 
enhancement),  the  stability  of  the  electron  sheath  is  impossible  as  the  electrostatic  force 
(directed  to  the  anode)  rises  faster  than  the  magnetic  one  (having  the  opposite  direction)  when 
the  sheath  position  is  shifting  towards  the  anode.  The  theory  provides  the  expression 

1  _ 

^  JW  1-9  ^ 

for  the  growth  rate  y  vvhere  x  =  47ta5^/c^  is  the  plasma  skin  time  and  q  — 
can  find  that  y  >  0  at 

®  ^  “'<d{L-xy  ^  '^diL-xY  L-d^'  ^  ’ 

If  I  »  d,  one  can  neglect  the  change  in  the  pressure  of  the  magnetic  flux  in  the 
charge-neutral  region  and  the  condition  of  instability  simplifies  to: 

b>dQ\  (4) 

This  means  that  at  the  large  enhancement  (x«d)a  smaller  plasma  layer  is  sufficient  to 
cause  the  electron  sheath  instability.  The  physical  meaning  of  the  threshold  is  that  the  spatial 
derivative  of  the  force  F  acting  on  the  unit  square  of  the  electron  sheath,  where 

F=Blap/Sn-Ejap/Sn-BlJSn  (5) 

changes  its  sign  from  negative  to  positive  and  instead  of  returning  the  sheath  to  the 
equilibrium  position,  the  force  F  acts  to  increase  the  deviation  from  equilibrium.  One  can 
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show  that  the  unequality  (3)  is  equvivalent  to  the  condition  dFIdx  >  0. 

Simulations:  The  Model 

Simulations  using  the  2D  PIC  code  KARAT  [2]  were  carried  out  in  order  to  clarify  the 
nonlinear  stage  of  the  instability,  its  sensitivity  to  the  physical  parameters,  and  its  possible 
effect  on  the  ion  diode  behavior.  A  simple  model  for  the  simulations  was  chosen:  the  resistive 
plasma  was  modelled  by  a  region  with  constant  resistivity;  the  ion  beam  was  absent.  This 
simple  model  is  more  preferable  than  an  exact  one  in  the  sense  that  it  cuts  off  all  the  features 
which  are  not  related  to  the  studied  effect,  such  as  the  two-fluids  electron-ion  instabilities  as 
well  as  by  the  instability  of  the  plasma  surface  due  to  the  ion  beam  emission.  (See  the 
Discussion  also.)  The  only  quantitative  consequence  of  the  absence  of  ions  in  the  simulations 
is  that  the  voltage  and  electric  field  in  the  gap  are  related  by  the  factor  a  =  1  rather  than 
a  =  0.75  as  it  would  be  in  the  case  of  a  Child-Langmuir  diode. 

Results 

Figure  2  exhibits  the  pattern  of  the  sheath  instability  for  the  high-voltage  case  U  =  lOOMF 
which  is  closer  to  the  theory's  assumptions  as  the  electron  gyroradii  are  small  and  the 
approximation  of  an  infinitely  thin  electron  sheath  works  well  enough.  One  can  see  that  the 
instability  results  in  spot-like  regions  where  the  electron  sheath  penetrates  into  the  resistive 
plasma.  Figure  3  exhibits  the  same  case  with  half  the  anode  width  along  the  magnetic  field. 
Only  one  spot  develops.Figure  4  exhibits  a  lower  voltage  case  with  U  =  \  0MV.  One  spot 
develops,  but  it  is  much  more  diffuse.  The  depth  of  the  electron  sheath  penetration  into  the 
plasma  is  much  less. 


Fig.  2.  Instability  at  t/=  lOOA/F  for  t  =  9.Qns  and  /  =  10.3«5. 


Fig.  3.  Instability  at  the  same  voltage  and  an  anode  that  is  half  as  wide  in  the  direction  of  the 
magnetic  field  for  t  -  3.0ns  and  t  =  3.Sns. 
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Fig.  4.  Instability  at  17  =  lOMV  for  t  =  21. 5ns  and  t  —  25ns. 


Discussion 

It  has  been  shown  that' in  the  case  of  higher  voltages,  the  instability  is  more  damaging  in  the 
sense  of  the  electron  sheath  uniformity  and  insulation.  Better  performance  of  the  diode  is 
expected  at  lower  voltages  due  to  the  stabilizing  effect  of  the  relatively  larger  electron' 
gyroradius,  which  obeys  the  scaling 

rjd  ~  meC^IU.  (6) 

The  simulations  with  the  low  voltage  U  =  \MV  did  not  exhibit  any  significant  effect  of  the 
instability  at  all.  This  conclusion,  however,  may  be  too  optimistic  because  in  the  real  3D 
electron  dynamics  their  gyroradii  could  be  less  due  to  the  possibility  of  energy  transfer  from 
gyrorotation  to  other  degrees  of  freedom  -  e.g.  to  ion  beam.  The  described  effect  may  be 
responsible  for  the  parasitic  load  effect  both  because  of  the  breakdown  of  the  electron 
insulation  at  the  spots  and  the  enhancement  in  ion  current  emitted  from  the  spots;  theion 
beam  from  the  spots  would  not  contribute  to  the  focussable  beam  because  of  strong  local 
defocussing. 

This  instability  due  to  the  presence  of  the  anode  plasma  is  not  the  only  one.  It  ean  be  shown 
that  the  ion  emission  from  the  plasma  leads  to  instability  of  the  plasma  boundary,  with  a 
growth  rate  provided  by  the  dispersion  relationship 

©2  =  i.81.../|X:|5y,/cp  (7) 

which  is  consistent  with  the  observed  time  dependence  of  the  anode  plasma  layer  broadening. 
Here  p  is  the  mass  density  of  the  plasma  and  the  wavenumber  k  is  directed  across  the 
magnetic  field.  The  physical  meaning  of  this  instability  is  that  rippling  of  the  plasma 
surface  leads  to  the  modulation  of  the  emitted  ion  current  density  which  is  larger  at  the  tops 
of  the  ripples,  and  this,  in  turn,  causes  modulation  of  the  magnetic  pressure  acting  on  the 
plasma  surface  which  results  in  the  further  development  of  the  ripples.  This  instability  may 
also  signifieantly  limit  the  ion  beam  quality,  but  its  detailed  description  is  beyond  the  scope 
of  the  present  paper. 

[1]  M.P.Desjarlais,  Phys.FIuids  B  1,  8  (1989). 

[2]  Ignatov  A.M.,  Tarakanov  V.P.,  Phys. Plasmas,  1,  741  (1994). 
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Abstract 

Diagnostic  development  for  measurments  of  anode  plasma  structure  and  ion 
beam  local  aiming  and  microdivergence  are  being  developed  on  the  COBRA 
accelerator  at  Cornell  University.  Results  of  streaked-scintillator  and  tracer 
target  beam  diagnostics,  and  streaked  anode  light  imaging  are  described. 


Successful  development  of  transport  and  focusing  systems  for  light-ion  beam  ICF 
drivers  requires  accurate  characterization  of  the  ion  diode  as  the  first  element  in  a  particle 
beam  optics  system.  Considerable  effort  has  been  devoted  to  this  characterization  and 
optimization  in  the  radial  geometry  of  PBFAII  at  Sandia  National  Laboratories,  and  in  axial 
(“extraction”)  geometry  on  KALIF  at  Forschungszentrum  Karlsruhe,  generally  using  the 
beam  focus  as  the  diagnostic  of  beam  optics.  Local  beam  diagnostics  for  microdivergence 
and  aiming  as  a  function  of  time  and  position  in  the  diode  are  now  being  investigated  on  the 
Cornell  Beam  Research  Accelerator  (COBRA).  COBRA  has  recently  been  completed  as  a 
four-cavity  linear  inductive  voltage  adder  for  4  MV,  200,  40  ns.  The  experiments 
described  here  were  done  before  completion,with  a  single  cavity,  using  a  passive  epoxy- 
filled  groove  anode  plasma  source  in  the  LION  extraction  applied-B  diode  [1].  We 
describe  here  first  results  with  new  diagnostics  using  streaked  light  emission  from  the 
anode  plasma,  and  streaked  scintillator  shadow  box  targets.  These  measurements  begin  to 
characterize  the  time-dependent  optics  of  the  ion  beam,  and  the  diode  dynamics  responsible 
for  these  observed  optics. 

Figure  la  gives  a  diagram  of  the  radial  structure  of  the  anode  surface,  and  a  radial  image 
across  this  surface,  produced  by  a  lens  on  a  radially  aligned  linear  fiber  optic  array. 
Untreated  aluminum  surfaces  between  the  epoxy-filled  grooves  are  much  more  reflective 
than  the  grooves,  as  seen  in  this  image,  for  which  the  anode  was  uniformly  illuminated  by 
an  external  light  source.  The  aluminum  (Al)  surfaces  which  were  blackened  as  indicated  on 
the  diagram  exhibit  greatly  reduced  reflection.  Figure  lb  shows  a  streak  photograph  of 
anode  plasma  light  during  a  diode  shot,  seen  through  this  radial  slit.  There  is  nearly 
uniform  light  intensity  across  the  grooves  separated  by  untreated  Al,  while  the  grooves 
separated  by  blackened  Al  show  much  greater  intensity  over  the  grooves  than  over  the  Al. 
If  the  plasma  light  intensity  were  uniform  in  radius,  the  high  reflectivity  of  the  untreated  Al 
would  give  observed  intensity  higher  than  the  grooves,  as  in  Fig. la.  Since  the  observed 
intensity  is  instead  nearly  uniform,  and  the  intensity  over  the  blackened  Al  is  greatly 
reduced,  we  conclude  that  most  of  the  plasma  light  emission  is  over  the  grooves  and  not 
over  the  aluminum.  It  is  remarkable  that  this  persists  for  the  entire  duration  of  the  diode 
pulse,  implying  that  the  plasma  remains  localized  in  radius  over  the  millimeter  scale  length 
of  the  grooves. 

Figure  2  shows  a  series  of  streak  photos  from  the  anode  plasma  light  diagnostic  (without 
blackened  Al)  with  varied  magnetic  insulation  strength.  With  low  B/Bcrit  (a)  anode 
plasma  light  appears  earliest  at  the  outer  radius,  with  medium  B/Bcrit  (b)  light  appears 
almost  simultaneously  at  all  radii,  and  with  high  B/Bcrit  (c)  light  appears  first  at  the  inner 
radius.  The  magnetic  configuration  in  these  shots  was  chosen  to  make  the  ion  current 
density  uniform  over  the  radius  in  (b);  current  density  peaked  at  the  outer  radius  in  (a),  and 
at  the  inner  radius  in  (c).  Thus  initial  tum-on  of  the  anode  plasma  is  correlated  to  the  shape 
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of  the  virtual  cathode  electron  layer  which  also  determines  the  radial  distribution  of  ion 
current  density  during  the  pulse,  and  these  are  both  controlled  by  the  magnetic  field 
strength  and  shape.  We  believe  this  anode  plasma  light  diagnostic  will  give  funher  useful 
information  in  clarifying  the  underlying  diode  dynamics  that  influence  beam  optics,  by 
correlating  the  anode  plasma  strucmre  with  beam  optics  diagnostics. 


Figure  3  presents  results  of  the  streaked-scintillator  beam  optics  diagnostic.  Fig.  3a  is  a 
diagram  of  the  LION  magnetically-insulated  extraction  ion  diode  used  on  COBRA  for  these 
experiments  (REF.l).  Figure  3b  is  a  streak  photo  of  the  scintillation  produced  by  two 
beamlets  defined  by  a  pair  of  slits  as  shown  in  the  diagram.  The  diode  voltage  and  current 
waveforms  are  shown  in  Fig. 3c.  The  streak  shows  initial  low  microdivergence  of  55mrad, 
which  rapidly  increases  after  32ns  in  the  pulse  to  86mrad.  The  average  deflection  from 
straight  axial  propagation  of  the  beamlet  at  84  mm  radius  is  comparable  to  the 
microdivergence,  but  the  beamlet  at  70  mm  shows  large  initial  inward  angle  of  140mrad, 
which  decreases  strongly  during  the  pulse.  This  shot  was  into  vacuum,  with  no  gas  cell  in 
the  diode.  We  believe  the  initial  deflection  of  the  inner  beamlet  is  due  to  space  potential  in 
the  beam  propagation  volume.  The  beamlet  aiming  was  also  investigated  using  a  time- 
integrated  tracer  target  oriented  nearly  parallel  to  the  axial  beam  propagation,  so  that  the 
beamlets  defined  by  slits  impacted  the  target  at  a  grazing  angle.  The  resulting  damage  traces 
are  shown  schematically  in  Figure  4,  which  also  gives  the  result  of  measurement  of  the 
angles  of  these  traces  as  a  function  of  radius  for  two  different  magnetic  field  strengths. 
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Figure  4. 


When  a  neutralizing  gas  cell  was  used  (not  shown)  the  angles  decreased  to  zero  within 
measurement  uncertainty,  implying  that  space  potential  was  largely  responsible  for  the 
inward  (outward)  deflection  of  the  inner  (outer)  beamlets.  Since  the  aiming  angles  in 
vacuum  propagarion  were  decreasing  with  time,  the  strong  increase  in  microdivergence  of 
the  individual  beamlets  seen  in  Fig.  3  is  thus  unlikely  to  be  due  to  space  charge,  and 
probably  is  due  to  diode  gap  dynamics.  Since  the  plasma  structure  (Figs.  1  and  2)  seems 
relatively  constant,  fluctuations  caused  by  gap  instabilities  seem  the  most  likely  mechanism. 


Rel.  Intensity 


Figure  5. 


Figure  5  shows  a  streaked  scintillator  viewing  a  beamlet  defined  by  a  radial  slit.  As 
indicated  by  the  diagram,  the  effect  of  the  decreasing  voltage  during  the  pulse  and  the 
consequent  increasing  azimuthal  deflection  of  the  beam  in  the  applied  magnetic  field  is  to 
sweep  the  azimuthal  position  on  the  anode  from  which  the  beamlet  viewed  by  the 
scintillator  originates.  The  result  is  that  the  time  axis  of  the  streak  corresponds  to  beam 
intensity  as  a  convoluted  function  (nonlinear)  of  anode  azimuthal  position  and  time.  This 
intensity  is  modulated,  as  seen  in  the  figure,  and  may  imply  a  fairly  coherent  azimuthal 
beam  structure  with  several-millimeter  scale  length.  The  origin  of  this  structure  is 
unknown,  and  may  be  the  result  of  diode  instability.  The  diagnostics  shown  here  rely 
upon  aperture  definition  of  beamlets,  and  will  become  unreliable  due  to  apenure  ablation 
with  beams  much  more  intense  than  the  500-800  A/cm2  in  these  experiments.  It  is  hoped 
that  apertures  may  be  replaced  by  intentional  structuring  of,  or  local  introduction  of  tracer 
particles  of  different  ion  species  into,  the  anode  plasma,  to  eliminate  the  need  for  apertures 
in  diagnosing  optics  of  more  intense  beams.  These  diagnostics  will  be  pursued  in 
experiments  now  beginning  on  the  full  four-cavity  COBRA. 

*Work  supported  by  Sandia  National  Laboratories. 
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1.  J.  B.  Greenly,  R.K.  Appanaim,  J.C.  Olson  and  L.  Brissette,  Proc.  10th  Inti.  Conf.  on 
High  Power  Particle  Beams,  June  1994,  San  Diego,  p.  398. 
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In  high-power  vacuum  diodes  with  high-atomic-number  anodes,  back-scattered  electrons  alter 
the  vacuum  space  charge  and  resulting  electron  and  ion  currents.  Here,  electron  multiple  back- 
scattering  is  studied  through  equilibrium  solutions  of  the  Poisson  Equation  for  1  -dimensional, 
bipolar  diodes  in  order  to  predict  their  early-time  behavior.  Before  ion  turn-on,  back-scattered 
electrons  from  high-Z  anodes  suppress  the  diode  current  by  about  1 0%.  After  ion  turn-on  in  the 
same  diodes,  electron  back-scatter  leads  to  substantial  enhancements  of  both  the  electron  and 
ion  currents  above  the  Child-Langmuir  values.  Current  enhancements  with  ion  flow  from  low- 
Z  anodes  are  small. 

In  high-power  vacuum  diodes  with  high-atomic-number  (high-Z)  anodes,  a  large  fraction 
of  the  electrons  are  back-scattered,  thereby  altering  the  space  charge  in  the  vacuum  gap  and 
the  resulting  electron  and  ion  currents  from  their  conventional  values.  This  process  may 
contribute  to  observed  differences  in  the  early-time  behavior  of  pinched-beam  diodes  (PBDs) 
with  low-Z  and  high-Z  anodes  in  NRL  Gamble  II  experiments.'  Here,  electron  multiple 
back-scattering  is  studied  through  equilibrium  solutions  of  the  Poisson  Equation  for  1- 
dimensional  (ID),  bipolar  diodes  in  order  to  model  behavior  prior  to  pinching.  The  treatment 
builds  on  a  model  developed  by  Pereira.^  An  analytic  approximation  to  the  back-scattered 
distribution  described  by  electron-current  and  -energy  parameters  provides  a  first  integral  of 
the  Poisson  Equation  that  is  solved  numerically  to  determine  how  the  diode  currents  are 
modified  for  various  assumed  back-scatter  coefficients.  A  Monte-Carlo  code  calculates  the 
back-scattered  electron  distributions  for  various  incident  electron  distributions  and  anode 
materials.  The  back-scatter  parameters  used  in  the  Poisson  analysis  are  then  evaluated  from 
the  Monte-Carlo  results  to  determine  the  back-scatter-modified  diode  currents. 

The  starting  point  is  the  nonrelativistic  Poisson  Equation  in  ID  in  which  cold  electrons 
are  emitted  from  the  cathode  at  z  =  0,  accelerated  across  the  diode  with  potential  variation 
<l)(z),  and  enter  the  anode  at  z  =  d  and  (])  =  V.  A  fraction  a  of  the  incident  electron  current  is 
isotropically  back-scattered  with  energy  reduced  from  the  incident  value  eV  to  PeV.  Since  p 
<  1,  back-scattered  electrons  are  returned  to  the  anode  by  the  diode  electric  field,  and  the 
back-scattering  process  is  assumed  to  repeat  ad  infinitum  with  the  same  values  of  a  and  p. 
With  these  assumptions,  the  Poisson  Equation  can  be  integrated  analytically  to  yield 


where  B  =  (2eV/m)'^^V/48oJed^ ,  m  and  M  are  the  electron  and  ion  mass,  ^  =  z/d,^  =  ^fV, 
and  Je  and  Ji  are  the  magnitudes  of  the  electron  and  ion  current  densities  traversing  the  diode. 
The  boundary  conditions  <1)(0)  =  O'(0)  =  0,  and  0(1)  =  1  have  been  employed  in  Eq.  (1). 

*  Work  supported  by  the  Office  of  Naval  Research,  USA. 
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The  first  two  terms  on  the  right-hand-side  are  the  familiar  forms  that  follow  from 
conservation  of  energy  and  current  in  ID  for  cold,  laminar  electron  and  ion  flows  with  zero 
electron  energy  at  the  cathode  and  zero  ion  energy  at  the  anode.^  The  last  term  follows  for 
multiple,  isotropic  back-scattering  of  monoenergetic  electrons.^  This  ID  formahsm 
approximates  early-time  charged-particle  flow  in  Gamble  II  PBD  experiments  before  the 
electron  beam  pinches  radially.* 

Before  ion  tum-on,  Jj  =  0  in  Eq.  (1),  and  Je  is  determined  from  the  value  of  B  that 
permits  the  two  boundary  conditions  on  0  to  be  satisfied  when  the  equation  is  integrated 


numerically  for  various  a  and  P  values. 

Figure  1  plots  the  variation  of  Je/Jd  for 
these  calculations,  where  Jd  is  the  usual 
Child-Langmuir  current  density  (B  =  9/4). 

The  results  indicate  that  back-scattering 
suppresses  the  current  by  5  -  20%  for 
values  of  a  and  P  associated  with  high- 
atomic-number  anodes  (0.3  -  0.7  for 
tantalum  depending  on  incident  energy 
and  angle'*).  For  low-atomic-number 
anodes  such  as  aluminum  or  carbon,  a  and 
P  are  of  order  0.1  and  suppression  is 
negligible.  The  equivalent  relativistic 
calculations  show  little  difference  from 
Fig.  1  for  diode  voltages  in  the  1-MeV 
range  of  interest.  The  nonrelativistic 
treatment  is  therefore  employed  since  the 
results  are  then  not  voltage  dependent. 

The  weak  suppression  predicted  for 
moderate  a  and  p  values  arises  because  p  close  to  1  is  required  for  a  substantial  back- 
scattered-electron  contribution  to  space  charge  near  the  cathode. 

When  ion  emission  is  included  in  the  analysis,  the  ion-to-electron  current  ratio  is 
determined  by  space-charge-limited  flow  at  the  anode:  0'(1)  =  0  .  Substituting  this  condition 
into  Eq.  (1)  leads  to 


p  =  reflected  energy/incident  energy 

FIG.  1.  Suppression  of  electron  current  with  back- 
scattering  parameters  in  the  absence  of  ions. 


Vm)  ’  Jci  JeJci 


where  the  converging  infinite  series  has  been  evaluated  analytically.  The  current  ratio  from 
Eq.  (2)  is  substituted  into  Eq.  (1)  to  determine  the  value  of  B  as  above,  and  the  results  are 
shown  in  Fig.  2.  For  small  values  of  a,  electron  and  ion  currents  are  enhanced  by  a  factor  of 
1.86  as  expected  for  ID,  bipolar  flow.^  For  a  and  p  values  of  high-atomic-number  anodes, 
large  enhancements  in  both  electron  and  ion  current  are  predicted.  In  this  regime,  back- 
scattered-electron  space  charge  near  the  anode  enhances  ion  emission  which,  in  turn, 
enhances  cathode  electron  emission.  This  boot-strap  process  causes  enhancement  to  increase 
dramatically  with  small  increases  in  a  near  P  =0.5  .  Further  small  increases  in  a  cause  the 
enhancement  to  approach  infinity,  beyond  which  no  equilibrium  solutions  to  Eq.  (1)  exist  that 
satisfy  the  boundary  conditions.  Mathematically,  the  no-solution  regime  corresponds  to 
potential  distributions  with  an  extremum  in  the  vacuum  gap  so  that  the  dependence  of  charge 
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FIG.  2.  Enhancement  of  bipolar  electron  and  ion  current  with  back-scattering  parameters. 


density  on  O  is  no  longer  valid.  Physically, 
this  regime  may  correspond  to  inherently 
time-dependent  flows^  that  describe  a  low- 
impedance  phase  observed  in  PBDs.®  The 
no-solution  regime,  shown  in  Fig.  3,  has 
been  calculated  by  determining  the  portion 
of  (a,P)  space  for  which  =  0 

somewhere  between  the  electrodes. 

Having  calculated  how  the  charged- 
particle  flow'  depends  on  monoenergetic, 
isotropic  back-scatter  parameters,  it 
remains  to  compare  this  assumed  electron 
distribution  with  computed,  more  realistic 
forms.  The  Integrated  TIGER  Series  of 
Monte  Carlo  electron/photon  transport 
codes’  was  used  to  determine  the  back- 
scattered-electron  distributions  for  various 
incident-electron  energies,  angles  and  anode 
materials.  A  sample  result  of  TIGER 
calculations  is  shown  in  Fig.  4  for  electrons 
with  Eo  =  1  MeV  incident  on  Ta  at  Go  =  60°. 
Here,  R  is  the  number  fraction  of  incident 
electrons  that  are  back-scattered,  E  is  then- 
energy,  0  is  the  angle  from  the  normal  at 
which  they  emerge,  and  dH  is  a  sohd-angle 
increment.  With  f(E,0)  =  d’R/dEdfl, 
R  =  IfdEdn,  and  REo<P>  =  jAEdEdfi  . 
These  calculations  show  that  R  and  <p> 
depend  weakly  on  Eo  over  the  range  0.2  -  2 
Me'V  so  that  the  assumption  of  constant 
back-scatter  coefficients  during  multiple 
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FIG.  3.  Back-scatter  parameters  without 
equilibrium  solutions. 


No  equilibrium  eoiution 
in  Ibis  region. 


FIG.  4.  Back-scattered  electron  distribution  for 
1  -MeV  electrons  incident  on  Ta  at  60  degrees. 
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scattering  is  reasonable.  For  1  MeV  electrons  incident  on  Ta,  R  and  <P>  vary  from  0.46  to 
0.64  and  0.32  to  0.5  as  Go  varies  from  0  to  60°. 

In  order  to  determine  <a>  and  compare  the  TIGER  results  to  the  model  of  Eq.  (1),  the 
data  exemplified  by  Fig.  4  is  collapsed  to  an  axial-velocity  distribution.  The  plotted  points 
represent  the  number- fractions  ARy  of  electrons  scattered  into  energy  increments  AE  =0.1 
MeV  about  Ei  and  into  sohd-angle  increments  AQj  =  InsinQ jAd  with  A9  =  1 0°.  Each  ARy 
has  a  relativistic  axial  velocity  Vz  determined  from  Ej  and  cosQj  .  These  are  sorted  in  Vz  and 
summed  in  Avz  =  0. 1  Vq  bins,  where  Vo  is  the  incident  electron  speed.  The  results  are  shown  in 
Fig.  5  for  1-MeV  electrons  incident  on  Ta.  For  comparison  with  the  model  used  in  Eq.  (1), 
the  axial  velocity  has  been  normalized  by  w  =  Vz/vo  ,  and  the  distribution  g(w)  =  (l/R)dR/dw 
is  used  so  that  the  integral  over  w  is  unity.  Poor  statistics  in  Aw  bins  results  from  the  coaise 
TIGER  AE  and  AG  gridding.  The  isotropic/mono  energetic  distributions  use  the  TIGER  <P> 
values  and  display  constant  dR/dw  up  to  w  =  <p>'^^  since  df2  ~  5m0d0  ~  d(<P>co50)  =  dw. 

The  TIGER  w-distributions  determine  <a>, 
the  ratio  of  back-scattered  to  incident  current, 
using  <a>  =  R<w>/cc>59o  ,  where  <w>  =  ^ 

|g(w)wdw  ~  0.6.  For  1-MeV  electrons  incident 
on  Ta,  <a>  varies  from  about  0.3  to  0.75  as  0o  1.5 
varies  from  0  to  60°.  Since  ion  tum-on  usually  -| 
occurs  when  the  anode  is  heated  by  electrons  %  ^ 

magnetically  deflected  to  steep  incident  angles,  g 
the  large  corresponding  values  of  <a>  and  <P> 
and  Fig.  2  indicate  large  current  enhancements. 

This  results  wiU  be  mediated  by  differences 
between  the  realistic  TIGER  back-scattered  0 
distributions  and  the  nonrelativistic,  isotropic  0  0.5  1 

model  used  in  Eq.  (1).  Figure  5  shows  that  the  w  =  axial  velocity/incident  speed 

model  overestimates  the  contribution  by  ^  Nonnalized  axial-velocity  distribu- 

electrons  vrith  low  w  and  underestimates  those  for  j.^eV  electrons  incident  on  Ta. 

with  large  w.  Excess  low-w  electrons  increase 

the  electron  space  charge  near  the  anode,  thereby  enhancing  ion  emission.  Insufficient  high- 
w  electrons  reduce  the  electron  space  charge  near  the  cathode,  thereby  increasing  electron 
emission.  Both  effects  indicate  that  more  reahstic,  back-scattered-electron  distributions  will 
reduce  the  enhancements  determined  from  the  solution  of  Eq.  (1)  bringing  them  closer  to 
Pereira’s  values.^  For  the  future,  it  is  desired  to  combine  a  particle-in-ceU  (PIC)  code  with  a 
Monte-Carlo  treatment  to  examine  time-dependent  diode  behavior  in  the  no-solution  regime. 

The  authors  acknowledge  helpful  discussions  with  M.  Desjarlais. 
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Backscattered  electrons  from  anodes  with  high-atomic-number  substrates  cause  early-time  an¬ 
ode-plasma  formation  from  the  surface  layer  leading  to  faster,  more  intense  electron  beam 
pinching,  and  lower  diode  impedance.  A  simple  derivation  of  Child-Langmuir  current  from  a 
thin  hollow  cathode  shows  the  same  dependence  on  the  diode  aspect  ratio  as  critical  current. 
Using  this  fact,  it  is  shown  that  the  diode  voltage  and  current  follow  relativistic  Child- 
Langmuir  theory  until  the  anode  plasma  is  formed,  and  then  follows  critical  current  after  the 
beam  pinches.  With  thin  hollow  cathodes,  electron  beam  pinching  can  be  suppressed  at  low 
voltages  (<800  kV)  even  for  high  currents  and  high-atomic-number  anodes.  Electron  beam 
pinching  can  also  be  suppressed  at  high  voltages  for  low-atomic-number  anodes  as  long  as  the 
electron  current  densities  remain  below  the  plasma  tum-on  threshold. 


Previous  experiments  have  shown  the  important  role  that  anode  ions  play  in  electron 
beam  pinch-formation  processes  '.  These  ions  originate  from  a  thin  anode  plasma  surface 
layer  produced  from  thermal  desorption  of  absorbed  gases  and  their  avalanche  breakdown. 
Although  electron  backscattering  from  the  anode  substrate  was  knovra  to  play  a  role,  emphasis 
was  placed  on  the  properties  of  this  surface  layer  and  its  role  on  the  collapse  velocities  of 
hollow  electron  beams  emitted  from  hollow  cathodes.  Here,  we  concentrate  on  the  role  of 
electron  backscattering  from  the  anode  substrate  and  its  subsequent  effect  on  the  total  diode 
impedance  tifne  history  in  large-aspect-ratio  (R  »D)  hollow  electron  beam  diodes.  R  is  the 
cathode  radius  and  D  is  the  anode  cathode  (A-K)  gap  spacing.  Early  in  time,  before  the  onset 
of  anode  ions  or  self-pinching,  electrons  hit  the  anode  at  normal  incidence,  and  back-scattered 
electrons  from  high-atomic-number  (high-Z)  anodes  can  increase  diode  impedance  through 
space-charge  enhancement  This  early  time  backscattering  can  also  promote  abrupt  imped¬ 
ance  decrease  through  bipolar  flow  due  to  enhanced  anode  heating  and  plasma  production. 
This  enhanced  heating' is  due  to  backscattered  electrons  re-entering  the  anode  when  reflected 


by  the  diode  electric  field.  For  thin 
hollow  cathodes  (cathode  thick¬ 
ness  <  A-K  gap,  see  Fig.  1),  this 
early  production  of  ions  from  high- 
Z  anodes  at  radii  larger  than  the 
cathode  appears  to  affect  the  criti¬ 
cal  current  or  diode  impedance 
long  after  the  onset  of  self- 
pinching.  This  results  in  pinched- 
beam  diodes  with  high-Z  anodes 
exhibiting  a  lower  impedance  or 
higher  critical  current  than  identi¬ 
cal-geometry  ■  diodes  with  low-Z 


Ions  turn  on  during  C-L  When  electron  current  equals  critical  current,  strong 
phase,  electron  current  pinching  occurs,  but  ions  persist  at  large  radii 
increases  a|  AI  .  AI 


Ions  do  not  turn  on  Ions  turn  on  when  electrons  When  electron  current  equals  critical 

during  initial  C-L  phase  weakly  pinched  and  electron  current,  strong  pinching  occurs, 

current  increases  but  without  ions  at  large  radii 


anodes.  This  is  true  for  the  full  Fig.  1  Backscatter  from  high-Z  anode  substrates  initiates 


pulse  duration  even  after  the  effect  anode  plasma  at  early  times  and  effects  electron  flow  from 
of  different  A-K  gap  closure  ve-  hollow  cathodes. 
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locities  (due  to  different  anode  plasma  onset  times)  is  taken  into  account.  It  is  speculated  that 
ions  from  low-Z  anodes  are  not  produced  opposite  the  cathode  but  only  inside  the  cathode’s 
inner  diameter  where  the  electrons  first  hit  the  anode  at  grazing  incidence  and  heating  is  en¬ 
hanced  above  normal  incidence,  (see  Fig.  1) 

The  experimental  arrangement  used  on  Gamble  II  is  illustrated  in  Fig.  2.  For  the  data 
presented  in  this  paper,  all  the  cathodes  were  hollow  and  all  anodes  were  coated  with  a  thin 
(~10  lam)  carbon  layer  (Aerodag).  The  same  results  were  obtained  with  or  without  a  carbon 
beam  stop  placed  just  behind  the  anode  to  prevent  reflexing. 

AK(nnm)  Ta(inches)  Al(inches) 

<4mm  0.001  0.007 

>4mm  0.004  0,031 

To  total  x-ray  PIN 
and  P-H  camera  @  155  cm 


To  collimated  PIN 

End  plate  @108  cm 

Al  or  Melamine 


Cathode 
{hollow  or  solid) 

Fig.  2.  Experimental  arrangement  on  Gamble  II. 

An  example  of  the  differences  observed  between  Al  and  Ta  anodes  is  illustrated  in  Fig.  3. 
Current,  voltage,  total  and  collimated  x-ray  PIN  diode  signals,  impedance,  and  x-ray  pinhole 
photos  are  compared  for  Ta  and  Al  anodes.  For  the  Ta  anode,  the  impedance  abruptly  falls  at 
30  ns  and  remains  less  than  the  Al  anode  impedance  for  the  duration  of  the  pulse.  The  Ta  x- 
ray  image  shows  a  stronger  pinch  with  less  emission  opposite  the  cathode. 

It  is  easier  to  quantita¬ 
tively  interpret  these  data  if 
current  is  plotted  against  volt¬ 
age  in  a  way  that  allows  the 
transition  from  Child- 
Langmuir  (C-L)  flow  to 
pinched-beam  flow  to  be  eas¬ 
ily  seen.  This  is  accomplished 
by  noting  that  a  simple  deri¬ 
vation  of  C-L  current  from  a 
thin  hollow  cathode  shows  the 
same  linear  dependence  on 
diode  aspect  ratio,  R/D,  as  the 
critical  current.  Assume  that 
the  relativistic  C-L  (R  C-L) 
current  can  be  approximated 
over  the  range  of  0.1  to  3  MV 
by  Iclrel=2xlO^V''^^  A/D^ 
where  I  is  in  amperes,  V  is  in  MV,  D  is  in  cm,  and  A  is  the  area.  For  this  case,  the  area 


Ta  Anode  with 
thin  C  layer 
R  =  6.12  cm 
AK  =  7  mm 
Shot  #  6637 


Al  Anode  with 
thin  C  layer 
R  =  6.12  cm 
AK  =  7  mm 
Shot  #  6639 


Fig.  3.  Ta  and  Al  anodes  compared. 


Anode  (Ta  or  Al) 


t 

6  cm 

T 


A-K  gap 


Vacuum 


Boron  Carbide 


I 


-  1152- 


A=(27tR)  (2  Kcl  D)  because  the  beam  spreads  out  a  dis¬ 
tance  Kcl  D  on  either  side  of  the  cathode  (see  Fig.  4).  Ex¬ 
perimental  data  suggest  that  the  proportionality  constant 
Kcl « 0.9  if  anode  ions  are  not  present.  Then, 
Iclrel  =  StixIO^  Kcl  (R/D).  The  critical  diode  current 
(Larmor  radius  ~D)  is  Icrit  =  8500  Kcr  (y^-l)’^  (R/D) 
where  y=1+V/0.51  1.  Data  suggests  that  the  proportionality 
constant  Kcr  1 .6. 


Kcl*D 


Fig.  4.  Anode-cathode  geometry. 


Because  both  Iclrel  and 
Icrit  are  proportional  to  R/D, 
they  can  be  plotted  together  as 
in  Fig.  5.  When  comparing 
these  curves  to  experimental 
data,  it  is  assumed  that  D  is 
corrected  for  gap  closure  by 
subtracting  vt  .  where 
V  =  vk  +  va  is  the  sum  of  the 
cathode  and  anode  closure 
velocities.  For  the  case 
Kcr  =1.6  and  Kcl  =  0.9,  criti¬ 
cal  current  or  pinching  is  not  achieved  until  about  2.5  MV.  However,  as  soon  as  anode  ions 
turn  on,  the  electron  current  is  increased  through  bipolar  flow  by  1.86  so  that  Kcl 1.7.  In 
that  case,  critical  current  is  achieved  at  about  0.8  MV.  For  this  reason,  we  speculate  that 
electron  beams  from  thin  hollow  cathodes  will  not  pinch  when  V  <  800  kV. 


Fig.  5  Icrit  and  Iclrel  normalized  by  (D-vt)/R  for  hollow  cathode 
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VdtagelMV) 


The  data  from 
Fig.  3  are  replotted  at 
the  top  of  Fig.  6  using 
the  format  from  Fig. 

5.  The  data  are  plot¬ 
ted  every  2  ns  from 
10  to  100  ns.  For  the 
Ta  anode, .  the  data 
follows  R  C-L  until 
about  25  ns  when  it 
starts  to  transition  to 
critical  current.  At 
this  time,  we  assume 
that  the  anode  plasma 
turns  on  and  we  add 
the  anode  plasma 
velocity  of  1  cm/ps  to  Fig.  6.  Shots  6637,  Ta  anode,  and  6639.  A1  anode,  from  Fig.  3. 
the  cathode  plasma  velocity  of  2  cm/ps.  By  50  ns,  when  the  pinch  has  appeared  on  axis  (see 
Fig.  3.),  the  data  follows  the  critical  current  for  the  duration  of  the  pulse.  For  the  A1  anode, 
the  data  follows  R  C-L  until  about  40  ns  when  it  starts  to  transition  to  critical  current.  Again, 
after  about  50  ns,  when  the  pinch  has  appeared  on  axis,  the  data  follows  critical  current  for  the 
duration  of  the  pulse.  Here  Kcr  =1.3  rather  than  the  value  of  1 .6  for  Ta.  At  the  bottom  of 
Fig.  6,  the  data  is  replotted  to  illustrate  what  the  A-K  gap  spacing  might  be  as  a  function  of 
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time  if  the  data  followed  either  R  C-L  or  critical  current.  The  heavy  dashed  line,  D-vt,  shown 
for  illustrative  purpose,  starts  at  the  measured  A-K  gap  of  7  mm  and  falls  at  2  cm/ps  until  an¬ 
ode  plasma  turn-on,  and  then  falls  at  3  cm/ps.  Note  that,  early  in  time,  D-vt  agrees  with 
Diclrel  and  then  agrees  with  Dicrit  at  the  onset  of  pinching. 


The  same  diode 
operated  at  higher 
voltages  and  currents 
(Fig.  7)  continues  to 
exhibit  the  same 
qualitative  behavior. 
For  the  Ta  anode,  the 
transition  occurs  at 
25  ns  with  critical  cur¬ 
rent  achieved  by  45  ns. 
For  the  A1  anode,  the 
transition  occurs  at 
30  ns  with  critical  cur¬ 
rent  achieved  by  50  ns. 


0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.<  0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6 

\/oltage(MV)  Voltage(MV) 


At  peak 
power  (50  ns) 

V=1.2MV 
l  =  510kA 
Z=  2  .4  Ohms 


Shot  6712 


At  peak 
power  (50  ns) 

V=1.35  MV 
I  =  480  kA 
Z=  2.8  Ohms 


Shot  6713 


Fig.  7.  Shot  6712  used  a  Ta  and  6713  an  A1  anode  with  7  mm  A-K  gap. 


For  both  cases,  Kcr  =  1.6  and  Kcl  -  0.9. 


Another  predic¬ 
tion  of  the  theory  is 
that  intense  electron 
beam  pinching  can  be 
suppressed  from  thin- 
hollow-cathode  diodes 
independent  of  diode 
current,  aspect  ratio,  or 
anode  material  if  the 
diode  voltage  is  held 
below  about  800  kV. 
This  is  consistent  with 
the  data  shown  in 


0  0.1  0.2  0.3  0.4 

Volta  ge(  MV) 


At  peak 
power  (30  ns) 

V=  200  kV 
I  =  500  kA 
Z=  0.4  Ohms 


Shot  6649 


Shot  6715 


Fig.  8  for  shot  6649.  Fig.  8.  Shot  6649  used  a  Ta  anode  with  a  2  mm  A-K  gap.  Shot  6715 

Because  of  the  high  used  an  A1  anode  with  a  12  mm  A-K  gap. 

current  density,  it  was  assumed  that  the  anode  plasma  turned  on  at  early  times  with  a  velocity 
of  1 .5  cm/ps  and  Kcl  «  2.  A  final  prediction  of  the  theory  is  that  electron  beam  pinching  can 
also  be  suppressed  at  high  voltages  for  low-atomic-number  anodes  as  long  as  the  electron  cur¬ 
rent  densities  remain  below  the  plasma  turn-on  threshold.  This  behavior  is  illustrated  in  shot 


6715.  Late  time  pinching  is  observed. 
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Abstract 

Experiments  using  the  B^ppi  diode  with  a  subdivided  beam  drift  section  were  performed  on  the 
KALIF  accelerator  with  the  objective  to  investigate  the  generation  of  net  currents  and  their 
influence  on  the  focusing  properties  of  the  extracted  proton  beam.  The  generation  of  net 
currents  up  to  50%  of  the  diode  current  was  observed  for  argon  gas  pressures  below  0. 1  mbar 
in  the  second  drift  section.  The  differences  in  the  time  histories  of  various  net  current  monitors 
might  be  related  to  a  radial  dependency  of  the  net  current  densities  in  the  beam.  A  comparison 
of  the  focusing  properties  investigated  in  shots  with  and  without  current  neutralization  showed 
only  small  differences.  No  enhancement  of  the  power  density  related  to  self-pinch  effects  was 
found.  However,  the  possibility  to  propagate  the  beam  over  a  short  vacuum  distance  allows  the 
use  of  a  backlighter  target  required  for  laser  absorption  spectroscopy. 

Introduction 

On  the  KALIF  accelerator  a  proton  power  density  of  up  to  1  TW/cm^  was  reached  in  the  focal 
plane  of  the  Bappi diode  [  1  ].  Considering  the  emission  of  an  annular  proton  beam  (  limited  by 
the  angles  aj  and  0.2  )  from  a  spherical  anode  surface,  a  beam  of  constant  brightness  B  will 
produce  an  even  higher  power  density  P  =71 B  (sin^aj  -  sin^a2)  if  the  incident  angle  a  =  (a2  - 
tti)  to  the  focal  plane  can  be  increased.  This  can  be  achieved  by  the  generation  of  a  B©  field 
( induced  by  the  non-current  neutralized  beam  itself )  in  the  drift  section  upstream  of  the  focal 
plane  of  an  extractor  diode.  The  reduction  of  the  focal  length  depends  on  the  net  current 
produced  by  the  beam  and  on  the  distance  the  beam  has  to  propagate  non-neutralized.  This 
distance  is  rather  limited  for  the  KALIF  B^ppi  diode.  The  beam  has  to  be  maintained  current 
neutralized  in  regions  where  it  propagates  through  the  return  flux  of  the  strong  insulating  B^ppi 
field.  Therefore  the  beam  drift  section  for  self  pinch  experiments  was  subdivided  by  a  second 
foil  into  2  independent  sections  which  can  be  held  at  different  gas  pressures.  In  the  first  section 
an  argon  pressure  of  5  mbar  is  needed  in  areas  where  the  beam  crosses  the  return  flux  of  the 
Bappi  field.  In  the  second  section,  a  sufficiently  low  gas  pressure  for  the  generation  of  a  net 
current  must  be  established. 

With  the  DRIFTPIC  code  available  at  Karlsruhe  [  2  ],  simulations  for  this  self-field  focusing 
scheme  could  not  be  performed  because  this  problem  needs  a  self  consistent  treatment  of 
current  neutralization.  Based  on  the  calculation  of  single  particle  orbits,  a  reduction  of  the 
focal  length  of  about  2  mm  was  estimated  for  a  net  current  of  200  kA  in  the  beam. 

Experimental  arrangements  and  diagnostics 

The  drift  section  routinely  used  is  formed  between  the  Mylar  foil  No.l  (  l.Tpm  thick,  placed 
as  close  as  possible  to  the  cathode  side  of  the  acceleration  gap  ),  the  walls  of  the  B^ppi  field 
coils  and  the  walls  of  the  drift  tube  (  Fig.  1  ).  With  foil  No. 2  (  also  1.7pm  thick  ),  this  drift 
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section  was  subdivided  into  a  first  section,  always  held  at  the  argon  pressure  of  5  mbar  used 
normally  in  the  entire  drift  section,  and  a  second  section  including  the  beam  focus.  In  this 
second  section  the  argon  pressure  could  be  varied  independently  from  the  pressure  in  the  first 
section. 


anode 

base 

plate 


scale  100  mm  , 


Fig.l;  Cross  section  of  the  Bappi  diode  with  two  drift  sections  and  the  Ba  diagnostics 


The  radial  profile  of  a  high  power  proton  beam  at  a  given  axial  position  can  be  measured  by 
placing  at  this  position  a  boron  scattering  foil  normal  to  the  beam.  The  beam  protons  are 
scattered  isotropically  on  this  boron  foil  (about  5  |j.m  thick  )  and  the  emitted  a  particles  from 
the  reaction  p  (“B,2a)  a  are  imaged  on  an  ion  sensitve  film  (  CR39  )  placed  in  a  pin  hole 
camera  [  3  ].  The  thickness  of  the  aluminum  filter  foils  in  front  of  the  boron  foil  (  1  l|j.m  )  and 
the  CR39  film  (  15  pm  )  were  chosen  such  that  only  protons  with  energies  above  1.5  MV  can 
be  the  origin  of  tracks  due  to  a  particles  on  the  CR39  film.  Rutherford  scattered  protons  with 
energies  below  1.7  MV.  cannot  track  the  film. 

The  tracks  on  the  CR39  films  were  counted  using  an  automatic  computer  system  [  4  ].  In  order 
to  avoid  misinterpretations  the  track  density  on  the  CR39  should  not  exceed  about  300  to  400 
for  a  sample  area  of  250  by  250  pm.  A  separation  between  proton-  and  a-particle  impacts  on 
the  film  was  not  possible. 

For  the  measurement  of  the  beam  net  current,  an  integrating  Rogowski  coil  was  placed  in  the 
drift  tube  just  behind  the  rear  surface  of  the  support  plate  of  the  Bgppi  field  coils.  In  this 
position  the  entire  beam  must  penetrate  through  the  inner  surface  of  the  Rogowski  coil  (Fig.l). 
For  comparison  with  the  signal  of  the  Rogowski  coil,  a  shunt  type  current  monitor  was  used  to 
measure  the  net  current  delivered  to  a  metal  cylinder  (  5  or  10  mm  in  diameter  )  or  to  a  LiF 
target  with  a  diameter  of  50  mm. 
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Fig.  2;  Time  histories  of  the  net  currents 
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In  all  shots  the  diode  and  KALIF  parameters 
remained  unchanged.  The  KALIF  Marx  was  2 
always  charged  to  85  kV.  | 

Argon  gas  pressures  of  below  0.1  mbar  in  o  ioo| 
the  second  drift  section  had  a  strong 
influence  on  the  generation  of  net  currents. 

Net  currents  up  to  50%  of  the  diode  current 
were  measured  by  the  Rogowski  coil  with 
vacuum  in  this  second  drift  section.  The 
time-of-flight  corrected  net-current  time 
histories  ( Fig.  2 ),  measured  by  the 
Rogowski  coil  and  the  shunt  monitor 
supporting  a  LiF  target,  showed  3  different 
phases.  In  phase  1  no  net  current  was 
measured  for  the  time  interval  of  about  10  ns 
following  the  onset  of  the  diode  current. 

This  means  that  during  this  time  the  beam 
remained  current  neutralized.  In  phase  2  the 
net  current  increased  within  about  20  ns  ( 
shunt  monitor  )  and  about  40  ns  ( Rogowski 
coil  )  to  a  final  value.  The  gas  pressure  in  the 
second  drift  section  had  a  strong  influence 
on  this  final  value  but  not  on  the  net  current 
onset  characteristics  ( Fig. 3  ).  In  all  shots  the 
final  values  seen  by  the  Rogowski  coil  were 
higher  when  compared  with  the  shunt 

monitor.  During  phase  3  the  mean  signals  of  both  monitors  remained  about  constant.  For 
pressures  of  0.014  mbar  and  below,  oscillations  with  a  frequency  around  80  MHz  were 
observed  during  this  phase.  When  replacing  the  LiF  target  on  top  of  the  shunt  monitor  by  a 
metal  rod  (10  mm  diam.,  35  mm  long  ),  the  phase  1  was  reduced  to  about  5  ns  and  the  final 
values  reached  for  the  same  gas  pressure  were  lower.  A  reduction  of  the  diameter  of  the  rod  to 
5  mm  did  not  modify  the  shunt  signal. 

In  order  to  determine  the  axial  position  of  the  focal  plane  for  the  standard  drift  section 
arrangement  (  filled  with  argon  gas  of  5  mbar  ),  the  boron  foil  was  moved  axially  in  steps  of 
5  mm  from  1 5  mm  before  to  20  mm  behind  the  nominal  focal  plane.  This  series  proved  that 
the  focal  plane  of  the  beam  is  as  expected  assuming  ballistic  beam  propagation  (  27  mm 
referred  to  the  rear  side  of  the  B^ppi  coil  support  plate).  The  position  of  the  focus  is  well 
reproducible  (  less  than  +/-  2mm  )  and  the  FWHM  of  the  radial  beam  profile  is  typically  7  to 
8  mm  ( Fig.  4,  upper  part,  and  Fig.  5  curve  A).  An  increase  of  the  beam  width  and  ring  type 
patterns  corresponding  to  estimates  based  on  ballistic  beam  propagation  were  found  on  the 
CR39  films  when  placing  the  boron  foil  before  and  behind  the  nominal  focal  plane  (Fig  4, 
lower  part).  Azimuthal  inhomogeneities  were  more  pronounced  on  images  from  boron  foils 
placed  axially  closer  to  the  B^ppi  coil.  Obstacles  in  the  path  of  the  beam  became  visible.  CR39 
films  from  a  similar  set  of  experiments  performed  with  vacuum  in  the  second  drift  section 
showed  the  following  differences.  The  minimum  of  the  FWHM  moved  axially  about  5  mm 


100 
Time  [ns] 

Fig.3:  Time  histories  of  the  net  currents  for 
various  argon  gas  pressures 
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upstream  and  slightly  increased  to  about  9  mm 
( Fig.  5,  curve  B  ).  These  results  indicate  that 
net  currents  of  up  to  280  kA,  acting  over  a 
distance  of  about  5  cm  on  the  beam,  may 
slightly  influence  the  focusing  properties  of  the 
beam.  However,  no  enhancement  of  the 
focused  power  density  was  observed.  This  also 
means  that  the  beam  can  be  propagated  over  a 
short  vacuum  section  outside  the  B^ppi  field. 
Thus  a  backlighter  source  for  the  measurement 
of  the  target  temperature  by  absorption 
spectroscopy  can  be  installed.  With  vacuum  in 
the  entire  drift  section,  but  keeping  foil  No.l  in 
place,  only  ringshaped  radial  distributions  were 
observed.  The  minimum  ring  diameter  was 
found  in  the  nominal  focal  plane  ( Fig.  5, 
curve  C ).  If,  in  addition,  the  foil  No.l  was  also 
ommitted  the  focus  disappeared  ( Fig.  5, 
curve  D  ). 

Conclusions  and  outlook 

The  time  histories  of  the  net  currents  and  the 
differences  between  their  amplitudes  are  not 
yet  well  understood.  An  inhomogeneous  radial 
current  distribution  that  develops  when  the 
beam  propagates  through  the  second  drift 
section  might  explain  this.  Depending  on  time, 
the  number  of  electrons  required  for  the 
neutralization  of  the  inner  beam  regions  cannot 
be  supplied  either  by  the  low  density  back 
ground  gas  or  by  the  neighboring  surfaces.  This 
assumption  needs  to  be  verified  by  adequate 
modeling  and  numerical  simulations.  The  self- 
induced  net  currents  did  not  increase  the  power 
density  of  the  beam.  This  result  seems  to  be 
unrelated  to  any  problems  with  the  sensitivity 
of  the  Ba  diagnostics  or  to  insufficient  shot  to 
shot  reproducibility. 
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Fig.  4:  Current  density  distribution  at  the 
nominal  focus  (upper)  and  15  mm 
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Fig.  5:  Radial  beam  profiles  of  4  shots  with 
various  neutralization  conditions 
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The  numerical  concept  realized  in  the  the  Karlsruhe  Diode  Code  KADI2D  is  briefly  reviewed.  Several  new  aspects 
concerning  the  Maxwell  field  solver  based  on  high  resolution  finite-volume  methods  are  presented.  A  new  approach 
maintaining  charge  conservation  numerically  for  the  Maxwell-Lorentz  equations  is  shortly  summarized. 

1.  Introduction 

For  experiments  with  the  object  of  optimization  as  well  as  for  further  developments  of  ion  diodes  it 
is  very  important  to  get  a  deep  physical  understanding  of  the  fundamental  time- dependent  phenomena 
occuring  inside  those  diodes.  Elaborate  computer  simulations  are  an  effective  and  ideal  tool  to  enhance 
the  knowledge  about  the  complex  ion  diode  physics  and,  additionally,  could  force  time  and  reduce  costs 
of  further  developments.  The  basic  physical  observations  are  modelled  mathematically  by  the  Maxwell- 
Vlasov  equations.  However,  for  numerical  calculations  it  is  more  convenient  to  replace  the  Vlasov 
equation  by  its  characteristic  equations  resulting  in  the  Maxwell-Lorentz  system. 

Solving  numerically  the  Maxwell  field  equations  it  is  important  to  have  an  adequate  computational 
grid  which  covers  the  relevant  diode  domain  in  an  appropriate  manner.  Therefore,  we  adopt  a  grid 
model  based  on  boundary-fitted  coordinates  (BFC)  [10]  resulting  in  quadrilateral  meshes  with  regular 
data  structure.  The  numerical  solution  of  the  Lorentz  and  stationary  Maxwell  equations  for  BFC  based 
grid  concepts  is  realized  with  the  simulation  program  BFCPIC  [12]  which  has  been  developed  at  the 
Forschungszentrum  Karlsruhe  during  the  last  years.  However,  important  time- dependent  phenomena 
such  as  the  origin  and  consequences  of  electromagnetic  instabilities  inside  the  ion  diode  gap  cannot  be 
investigated  with  BFCPIC  code.  For  that  purpose,  the  Karlsruhe  Diode  code  KADI2D  has  been  developed 
solving  numerically  the  full  nonstationary  Maxwell  equation  together  with  the  Lorentz  equations  [4]. 
Attacking  the  nonstationary  field  equations,  modern  numerical  techniques  based  on  finite- volume  (FV) 
methods  are  employed  in  KADI  2D  .  The  application  of  FV  methods  for  the  numerical  solution  of  the 
Maxwell  equations  is  a  new  approach  in  self-consistent  particle  simulation  which  is  inherently  very 
robust  even  when  strong  gradients  occur. 

2.  The  Numerical  Model 

The  particle-in-cell  (PIC)  method  [2,  5]  is  an  attractive  computational  tool  for  studying  kinetic  phe¬ 
nomena,  in  particular  in  plasma  physics  where,  for  example,  the  self-consistent  numerical  solution  of  the 
Maxwell-Lorentz  equations  have  to  be  computed.  This  means,  that  the  orbits  of  electrically  charged 
particles  have  to  be  determined  with  respect  to  externally  applied  as  well  as  (in  the  case  of  ion  diodes 
strong)  self-generated  electromagnetic  fields.  The  basic  idea  of  the  PIC  method  can  be  summarized  as 
follows. 

Suppose  the  sum  external  and  the  self-consistent  charge  and  current  density  p  and  j,  respectively,  is 
given  at  the  time  level  t  =  ^n-i/2-  Solving  the  Maxwell  equations 

(2.1)  dt'E  —  c^V  X  B  =  -  — j  ,  dt^  -h  V  x  E  =  0  , 

(2.2)  V-E=-p  ,  VB  =  0, 

^0 

for  instance,  numerically  with  a  FV  field  solver,  we  obtain  the  electric  field  E  and  magnetic  induction 
B  at  the  new  time  level  t  at  the  bary centers  of  the  computational  grid  zones.  Afterwards,  the 
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electromagnetic  fields  have  to  be  interpolated  to  the  actual  charged  particle  positions  Xfc(t„),  where  the 
index  k  runs  over  all  particles  inside  the  computational  domain.  The  used  interpolation  scheme  is  an 
extension  of  the  standard  area- weighting  method  to  arbitrary  quadrilateral  BFC  grid  zones  [11].  The 
electromagnetic  fields  at  the  particle  position  set  up  the  Lorentz  force 


(2.3) 


F*:  {t)  -  Qk  [E(Xfc ,  f„)  -I-  Vj;  X  E(Xfc ,  tn)]  , 


which  is  responsible  for  the  redistribution  of  the  charges  qk  within  the  domain  of  interest.  The  new  phase 
space  coordinates  (v^,  x^)  are  determined  by  solving  the  relativistic  (electrons)  and  non-relativistic  (ions) 
Lorentz  equations: 


(2.4) 


dUfc(f) 

dt 


Uo  =  Ufc(f„_i/2); 

rrik 


dxkjt) 

dt 


Xo  =  Xk{tn), 


where  rrik  and  Ujt  =  7fcVfc  denotes  the  mass  and  relativistic  velocity,  respectively,  of  the  k-th.  charged 
particle.  The  particle-pushing  according  to  the  Lorentz  equations  (2.4)  is  numerically  performed  by 
applying  the  second-order  time-centered  leapfrog-scheme.  In  order  to  obtain  the  new  density  distributions 
due  to  the  movement,  the  particles  have  to  be  located  with  respect  to  the  computational  grid  [llj.  The 
resulting  interpolation  weights  for  the  four  barycenter  corners  surrounding  the  new  particle  position 
Xk(tn+i)  are  calculated,  necessary  for  the  assignment  of  the  contribution  of  the  fc-th  particle  to  the 
self-consistent  charge  and  current  density  at  the  new  time  level  t  =  tn+i/i  [4]. 

Now,  the  iteration  cycle  is  closed  and  the  electromagnetic  fields  used  for  the  next  cycle  have  to  be 
determined  from  the  solution  of  the  nonstationary  Maxwell  equations  (2.1).  By  considering  the  linked 
interplay  of  Maxwell  and  Lorentz  equations  the  self-consistent  solution  of  this  non-linear  system  is 
obtained. 


3.  The  Finite-Volume  Maxwell  Solver 


Solving  Maxwell  equations  numerically  we  use  in  the  KAD12D  code  high  resolution  FV  methods  [7] 
which  are  from  the  point  of  construction  very  evident  and  known  to  be  very  robust  and  able  to  resolve 
strong  gradients  without  generating  spurious  oscillations.  Usually,  numerical  algorithms  in  time  domain 
only  approximate  the  Maxwell  equations  (2.1)  and  (2.2).  These  equations  may  be  recast  in  conservation 
form  [4] 

(3.1)  dtu  +  dxjiiu)+dx2f2{u)  =  q. 

Here,  we  restricted  ourselves  to  two  space  dimensions  and  assume  that  the  vector  of  the  electric  field 
and  magnetic  induction  u  =  (Ei,  E2,  E3,  Bi,  B2,  does  not  depend  on  0:3.  The  new  aspect  in  this 
formulation  is  that  the  differential  operator  is  no  longer  the  curl,  but  rather  the  divergence  applied  to  the 
fluxes  fi{u)  -  KjU,  i  =  1,2,  where  the  K;  are  constant  6x6  matrices.  The  vector  of  the  source  terms  q 
essentially  contains  the  current  densities  of  equation  (2.1). 

We  assume  that  the  physical  domain  is  covered  by  a  structured  boundary-fitted  grid  composed  by 
quadrilateral  zones  Vy  with  the  area  |Vy|.  A  FV  scheme  is  obtained  integrating  the  conservation  equa¬ 
tions  (3.1)  component-by-component  over  the  space-time  volume  Vy  x  With  the  average  of  u 

over  the  grid  cell  Vy  at  time  t  =  tn'ffe  get  the  explicit  FV  scheme  in  conservation  form 


(3.2) 


,/h.+i  =  u^. 


At 


SI 


where  the  vector  q^j  approximates  the  source  terms  averaged  over  Vij  and  the  time  interval  At  in+i  fn- 
The  so-called  numerical  flux  ^  has  to  be  an  appropriate  approximation  of  the  physical  flux  through 
the  edges  of  Vy.  FV  schemes  are  completely  defined  if  the  numerical  fluxes  are  specified.  The 
suitable  calculation  of  these  fluxes  from  averaged  quantities  at  the  time  level  t  =  t„  is  the  main  task  in 
the  context  of  FV  methods. 

One  possibility  of  flux  estimation  is  based  on  the  solution  of  the  so-called  Riemann  problem  (RP) 
[4,  8],  which  can  be  solved  exactly  in  the  present  case  of  linear  hyperpolic  equations.  By  the  use  of 
the  RP  solution  the  local  structure  of  wave  propagation  is  directly  incorporated  into  the  numerical 
approximation,  responsible  for  the  inherent  robustness  of  these  schemes.  The  simplest  numerical  flux 
approximation  based  on  the  RP  solution  is  only  first-order  accurate  in  both  space  and  time  and,  in 
general,  hardly  applicable  for  most  practical  purposes.  To  get  higher-order  schemes  it  is  sufficient  to 
improve  the  order  of  the  numerical  flux  calculation  [8]:  Applying  the  MUSCL  approach  [6]  a  second-order 
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space  and  time  accurate  TVD  FV  upwind-scheme  is  obtained  [4],  which  is  implemented  as  the  standard 
Maxwell  field  solver  in  the  KADI  2D  program  system. 

4.  Numerical  Results 

The  contour  plots  shown  in  Fig.  1  are  recorded  at  t  =  90  ns  and  i  =  180  ns  and  give  an  impression 
of  the  spatial  distribution  of  the  field  component  for  a  typical  TM  problem,  where  two  wave  trains 
are  excited  in  each  direction  [8].  The  numerical  results  (lower  pictures)  are  obtained  for  a  quadratic 
computational  domain  parallel  to  the  axis  but  the  grid  lines  inside  the  domain  are  strongly  disturbed 
according  to  a  sine  curve.  The  comparison  with  the  exact  solution  (upper  pictures)  plotted  at  the  same 
computational  grid  convincingly  shows  the  quality  of  the  approximation. 


Figure  1.  Spatial  distribution  of  the  field  of  a  TM  calculation  on  a  strongly  dis¬ 
turbed  grid  inside  the  depicted  computational  domain  at  t  =  90  and  t  180  ns.  The 
inspection  reveal  that  the  numerical  obtained  (lower  plots)  are  in  nearly  perfect  agree¬ 
ment  with  the  exact  (upper  plots)  solution. 


Figure  2.  Contour  plot  of  the  spatial  distribution  of  the  exact  (upper  part)  and  numeri¬ 
cally  obtained  (lower  part)  of  the  B2  dipol  field  at  t  =  30  ns.  A  quantitative  comparison 
between  the  closed-form  solution  (solid  lines)  and  the  numerical  result  (open  circles)  of 
the  Bi  field  component  at  four  different  fixed  points  is  monitored  in  the  right  plot. 
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The  Maxwell  equations  form  a  system  of  hyperbolic  equations  and  hence  boundary  conditions  and  their 
implementation  are  only  well-posed  if  they  take  into  account  the  wave  propagation  as  given  by  the  theory 
of  characteristics.  For  the  used  FV  based  approach  it  is  comprehensively  shown  in  [8],  that  the  numerical 
realization  of  both  physically  and  computationally  motivated  boundary  conditions  is  founded  within  the 
framework  of  RP.  In  Fig.  2  the  finite-sized  domain  is  seen,  consisting  of  a  quarter  ring  with  an  inner  and 
outer  radius  Ri  and  Ro,  respectively.  At  Ri  the  closed- form  solution  of  an  oscillating  2d-dipol  is  irradiated 
into  the  domain  while  open  boundary  conditions  are  imposed  at  Ro  and  symmetric  considerations  are 
necessary  at  the  axis.  The  contour  plot  depicted  in  Fig.  2  is  a  snapshot  of  the  numerically  obtained 
B2  dipol  field  distribution  at  t  =  30  ns,  clearly  indicating  that  no  visible  wave  reflection  occur  at  the 
truncated  numerical  domain  at  Rg.  By  scanning  the  time  variation  of  the  Bi  field  component  at  four 
fixed  points  in  space  lying  at  the  bisector  of  the  angle  of  the  first  quadrant  the  exact  solution  (solid  lines) 
and  numerical  approximation  (open  circles)  reveal  the  high  quality  and  accuracy  of  the  applied  metnods. 
We  investigated  and  implemented  in  addition  to  the  second-order  TVD  upwind-scheme  modern  higher 
order  ENO  extensions  of  FV  methods  [9,  3]  as  a  further  optional  Maxwell  field  solver  for  KADI2D.  To 
achieve  consistent  numerical  accuracy  in  time  Runge-Kutta  schemes  are  used  to  solve  numerically  a 
semi-discretized  formulation  of  FV  schemes  in  conservation  form  [8].  It  is  found  out  [8]  that  the  number 
of  grid  points  could  be  considerable  reduced  using  sophisticated  ENO  implementations  and,  hence,  these 
schemes  seems  to  be  very  attractive  for  extension  of  the  KADI2D  code  up  to  three  dimensions  in  space. 

5.  A  NEW  Approach  to  Improve  Charge  Conservation 

As  it  is  outlined  in  Sec.  2,  the  Maxwell  field  solver  is  applied  as  one  part  in  the  self-consistent  charged 
particle  simulation.  However,  each  step  of  the  PIC  approach  introduces  numerical  errors  and  a  discrete 
analogue  of  the  charge  conservation  does  not  hold  exactly  or  even  with  a  defect  of  a  certain  order.  Since 
only  current  density  is  used  for  the  numerical  field  calculation,  the  consistency  of  cqV  *  E  with  charge 
density  p  may  be  lost.  For  practical  purposes  the  correction  of  the  electrical  field  is  much  more  important 
than  those  of  the  B-field,  hence,  we  restrict  ourselves  only  to  the  E-field  correction.  Similar  to  Assous 
et  al.  [1]  we  introducing  the  Lagrangean  multiplier  (p,  which  may  be  considered  as  a  potential  correcting 
the  actual  electric  field.  Additionally,  we  modify  the  system  of  interest  by  introducing  the  term 
and  study  the  constraint,  strictly  hyperbolic  problem  [8]; 

(5.1)  dtE  -  c^V  X  B  -b  =  -j/eo  > 

(5.2)  —dtP  +  V-E  =  p/eo  • 

Here,  (3  denotes  the  magnitude  of  the  yet  unknown  parameter,  which  has  to  be  estimated  numerically. 
Obviously,  this  purely  hyperbolic  approach  posseses  the  property  that  the  information  of  correction  or 
equivalent  the  errors  due  to  Gaufi  law  propagates  with  a  finite  velocity  j3c. 
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CHARACTERISTICS  OF  MAGNETICALLY  INSULATED  DIODE 
IN  A  MULTI-SHOT  OPERATION 


E.  Chishiro.  K.  Masugata,  and  K.  Yatsui 
Laboratory  of  Beam  Technology,  Nagaoka  University  of  Technology 
Nagaoka,  Niigata  940-21,  Japan 

We  have  evaluated  beam  characteristics  in  a  multi-shot  operation.  The  MID  utilizes  in 
the  experiment  is  a  racetrack  type  diode,  where  flat  electrodes  of  anode  and  cathode  are 
utilized.  On  the  anode,  polyethylene  sheet  of  1  mm  thickness  is  attached  as  an  ion  source. 
The  MID  is  successively  operated  without  breaking  the  vacuum.  An  ion  current  density 
(Ji)  of  350-  A/cm"  is  observed  at  the  first  shot  when  diode  gap  is  5  mm.  The  value  de¬ 
creases  with  increasing  the  number  of  shot  and  at  7th  shot  J\  is  decreased  to  be  less  than 
150  A/cm^.  After  7  shots,  the  surface  of  anode  is  observed  and  is  found  to  be  covered 
with  sticked  matter  of  metallic  materials  such  as  Zn,  Al,  Fe,  Cu.  These  matelials  seem  to 
be  produced  by  the  ablation  of  the  MID  electrode.  By  eliminating  the  sticked  matter  form 
the  surface,  Ji  is  recovered  to  the  initial  value.  The  decrease  of  J\  is  due  to  that  the  anode 
is  covered  with  the  sticked  matter,  which  prevent  the  growdh  of  anode  plasma. 


1.  Introduction 

An  intense,  pulsed,  light-ion  beam  (LIB) 
is  considered  as  a  hopeful  candidate  for  an 
energy  driver  of  inertial-confinement  fu¬ 
sion.*^  Furthermore,  it  has  been  success¬ 
fully  demonstrated  to  be  applied  for  materi¬ 
als  science.^'*^ 

A  magnetically  insulated  diode  (MID) 
has  been  used  to  generate  LIB.  In  the  MED, 
a  magnetic  field  is  applied  parallel  to  the 
surface  of  electrodes  to  inhibit  electron  flow 
to  the  anode.  Thereby  the  anode  has  rare 
damage,  which  enable  the  multi-shot  operate 
without  replacing  anode.  However,  when 
the  MID  is  successively  operated  without 
breaking  the  vacuum,  an  ion  current  density 
(Ji)  decreases  with  increasing  number  of  shot. 

In  this  study,  J  is  measured  in  the  suc¬ 


cessive  operation.  The  effects  of  deterio¬ 
ration  of  ion  source  (polyethylene),  back- 
streaming  oil  of  vacuum  pumps  and  sticked 
matter  deposited  on  ion  source  are  evalu¬ 
ated. 

2.  Experimental  setup 

Figure  1  shows  the  schematic  of  the  ex¬ 
perimental  setup.  The  MID  is  a  racetrack 
type  diode,^'  where  flat  electrodes  of  anode 
and  cathode  are  utilized.  In  the  MID,  an 
insulating  magnetic  field  is  produced  by  an 
externally  applied  current  flow  through  the 
cathode  which  acts  as  a  one-turn  coil.  In 
the  beam  extraction  side  of  the  cathode, 
brass  vanes  are  installed.  Inside  the  cath¬ 
ode,  aluminum  anode  is  placed,  which  is 
connected  to  an  output  of  pulse-power  sys- 
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Fig.  1  (a)  Schematic  diagram  of  MID 
(b)  Frontal  diagram  of  anode. 

tern  "ETIGO-II".*’  As  an  ion  source,  the 
anode  has  thirteen  of  polyethylene-filled,  70- 
nun-long  grooves  on  an  active  anode  area. 

An  inductively  corrected  diode  voltage 
(Vi)  is  monitored  by  a  capacitive  divider. 
For  the  measurement  of  Ji,  a  BIC  which  has 
four  apertures  is  used  to  measurement  the 
average  value.  As  shown  in  Fig.l,  the 
measured  points  are  center  area  on  the  active 
ion  source.  The  BIC  is  made  from  copper 
and  is  located  at  34-37  mm  downstream 
from  the  anode  surface. 

The  process  of  the  successive  operation 
is  as  follows;  First  shot  is  operated  at  90 


Fig.  2  Typical  waveforms  of  diode  voltage 
(Vi)  and  ion  current  density  (Ji). 


Fig.  3  Dependence  of  Ji  on  number  of  shot. 

minutes  after  the  start  of  evacuation.  After 
the  1  St  shot,  successive  shots  are  done  with 
an  interval  of  1 5  minutes.  After  the  shots, 
vacuum  is  broken  to  replace  the  anode. 
The  pressure  in  the  operation  is  10'^  Pa. 

3.  Successive  operation  characteristics 
The  decrease  of  Ji  in  successive  opera¬ 
tion  is  evaluated  under  several  diode  gap  (d) 
conditions.  For  the  all  condition  of  d,  a  ra¬ 
tio  of  insulating  magnetic  field  for  critical 
insulating  field  is  set  in  1. 1-1.2. 

Figure  2  shows  typical  waveforms  of  Vi 
and  Ji  when  is  6.5  mm.  As  seen  in  the 
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Fig.  4  Mass  spectrum  of  Si  substrate  after  7  shot. 

figure,  Ji  rises  at  about  30  ns  after  the  main 
voltage  pulse.  Through  all  shots,  this  delay 
time  is  in  the  range  of  20-50  ns  and  it  is  in¬ 
dependent  on  d  or  the  number  of  shot.  A 
peak  value  of  Ji  is  330  A/cm^  at  1st  shot 
(Fig.2  (a)),  and  after  7  shots,  the  value  de¬ 
creases  up  to  150  A/cm^  (Fig-2  (b)). 

Figure  3  shows  dependence  of^i  on  the 
number  of  shot.  Series  of  the  successive 
operation  are  repeated  for  8-11  times  for 
each  gap  length.  Dots  and  error  bars  indi¬ 
cate  averages  and  deviations  of  peak  value 
of  Ji,  respectively.  In  1st  shot  the  larger 
value  of  Ji  =350  A/cm^  is  observed  at  r/  =  5 
mm.  The  value  of  Ji  decrease  with  in¬ 
creasing  the  number  of  shot,  and  at  7th  shot 
Ji  decrease  up  to  a;150  A/cml 

4.  Effect  of  sticked  matter  on  LIB  generation 

When  MID  is  successively  operated, 
sticked  matter  is  stacked  on  the  ion  source 
surface. 

To  analyze  the  composition  of  the  matter. 
Si  substrate  is  attached  on  the  center  of  the 
active  anode.  After  shots  the  substrate  is 
removed  and  the  mass  spectrum  of  the  sur¬ 
face  of  the  sample  is  analyzed  by  an  X-ray 
fluorescence  analyzer,  the  result  of  which  is 


Fig.  5  Microscope  image  of  surface  of 
ion  source. 


shown  in  Fig.  5.  The  surface  consists  of  Al, 
Zn,  Fe  and  Cu,  which  seems  to  be  produced 
by  the  ablation  of  the  electrodes  by  the  irra¬ 
diation  of  ion  beam  or  electron  beam. 

Figure  6  shows  the  scanning  electron 
microscope  image  of  the  surface  of  ion 
source  after  7  shots.  As  seen  in  the  figure, 
the  full  surface  of  the  ion  source  is  covered 
with  the  sticked  matter. 

To  evaluate  the  effect  of  the  sticked 
matter  on  the  generation  of  ion  beam, 
change  of  J\  is  observed  on  the  following 
procedure. 

(a)  Operate  6  shots. 

(b)  Break  the  vacuum  and  exhaust  again, 
(non-elimination) 

(c)  Operate  3  shots. 

(d)  Break  the  vacuum,  eliminate  the  matter 
by  wiping  the  surface  and  exhaust  again, 
(elimination) 

(e)  Operate  5  shots. 

(f)  Switch  to  rotary  pumps  from  diffusion 
pumps,  keep  the  MID  in  low  vacuum  of 
10  Pa  for  20  minutes  and  after  that,  ex¬ 
haust  again. 

(g)  Operate  1  shot. 

Above  procedure  is  repeated  for  5  times,  and 


-  1165- 


Number  of  shot 

Fig.  6  Dependence  of  on  elimination  or 
non-elimination  of  sticked  matter. 


obtained  the  statistics  of  the  data  (Fig.7). 
On  the  process  (c),  high  value  of  J{  is  ob¬ 
tained  only  at  the  first  shot,  and  after  the  2nd 
shot  Ji  became  low.  On  the  other  hand,  on 
the  process  (e),  J\  of  300  A/cm^  is  obtained 
at  the  first  shot  and  it  gradually  decreases 
with  increasing  number  of  shot.  This 
characteristics  is  almost  similar  to  the  proc¬ 
ess  (a).  From  the  experiment,  we  see  that 
the  anode  is  refreshed  by  eliminating  the 
sticked  matter. 

In  oily  exhausting  system,  0.5%  of  re¬ 
sidual  gas  in  a  vacuum  chamber  is  generally 
backstreaming  oil  molecules.*^  The  back- 
streaming  oil  is  expected  to  be  enhanced  in 
the  process  (f)  and  it  may  affect  the  produc¬ 
tion  of  ion  beam.  However,  on  the  process 
(g),  clear  change  of  J\.  is  not  observed,  which 
shows  that  backstreaming  oil  in  the  vacuum 
dose  not  strongly  affect  the  characteristics  of 
ion  source. 

In  the  process  (d)  we  see  the  change  of 
the  color  of  the  surface  of  polyethylene  from 
translucent  to  white,  which  seems  to  be  due 
to  the  deterioration  of  the  surface  by  the  ir¬ 
radiation  of  the  anode  plasma.  However, 


we  found  that  the  deterioration  dose  not  af¬ 
fects  the  successive  characteristics. 

5.  Conclusion 

Successively  operation  characteristic 
has  been  evaluated  experimentally.  An  ion 
current  density  (Ji)  of  350  A/cm^  is  observed 
at  the  first  shot  when  diode  gap  is  5  mm. 
The  value  decreases  with  increasing  the 
number  of  shot  and  at  7th  shot  Ji  decreases 
to  be  less  than  150  A/cm^  After  7  shots, 
the  surface  of  anode  is  observed  and  is  found 
that  it  is  covered  with  sticked  matter  of  me¬ 
tallic  materials  such  as  Zn,  Al,  Fe,  Cu,  and  it 
seems  to  be  produced  by  the  ablation  of  the 
electrode.  By  eliminating  the  sticked  mat¬ 
ter  form  the  surface,  J\  is  recovered  to  the 
initial  value. 
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ABSTRACT 

To  evaluate  the  effect  of  anode  plasma  ununiformity  on  LIB 
focusibility,  we  have  developed  a  new  PIC  simulation  code. 
Inducing  anode  grooves  in  the  code,  we  have  represented  the 
anode  plasma  ununiformity.  On  the  experiment  conditions, 
groove  pitch  ~  2.2  mm  and  groove  width  =  1.0  mm,  simulation 
results  is  in  good  agreement  with  the  those  of  the  experiments. 

At  the  groove  pitch  =  2.4  mm,  local  divergence  was  very  small, 
although  focus  length  was  very  long.  Therefore,  we  have 
recognized  that  the  focusibility  of  SPFD  would  be  determined  by 
the  z-deflection  angle  rather  than  the  local  divergence  angle. 

To  get  higher  power  density  on  focus  point,  it  may  be  effective  to 
modify  the  anode  curvature. 

$  1  ■  Introduction 

To  obtain  intense,  pulsed,  light-ion  beam  (LIB),  we  have  developed 
S.pherical  P.lasma  Eocus  Diode  (SPFD).  Figure  1  shows  the  schematic  of 
the  SPFD.  It  is  three-dimensionally  focused,  self-magnetically  insulated 
diode.  Its  features  are  given  below,  1)  very  simple  and  compact  structure, 
2)  large  solid  angle  of  focusing,  and  3)  axial  symmetry  [1,2]. 

On  experiment,  the  LIB  focusing  size  has  been  evaluated  to  be  6.0  mm 
X  4.5  mm'*’  by  using  Rutherford  scattering  camera.  Since  the  average 
deflection  angle  measured  by  shadow  box  is  only  1~7  degrees  in  the 
elevation  angle  of  0  ,  it  is  considered  that  the  LIB  seems  to  have  large 
local  divergence  [3].  The  local  divergence  will  be  caused  by 
nonuniformity  of  anode  plasma  and  electric  field  disturbance  along  the 
anode  surface.  To  evaluate  the  effect  of  anode  plasma  ununiformity  on 
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LIB  focusibility,  we  have  developed  a  new  PIC  simulation  code. 

S2.  Simulation  Results 

Table  1  shows  the  specifications  of  PIC  code.  We  have  considered 
the  anode  grooves  in  the  code.  It  is  expected  that  the  ununiformity  of 
anode  plasma  and  disturbance  of  electric  equi-potential  surface  would  be 
produced. 

Figure  2  shows  the  waveforms  of  diode  voltage(V())  and  current(Id),  in 
case  of  experimental  anode  groove  condition  (pitch  ~  2.2  mm,  width  =  1.0 
mm).  Their  peaks  are  Vd~940  kV  and  Id~160  kA  respectively.  The 
diode  impedance  estimated  to  be  5.9  Q  .  They  are  well  matched  with  the 
experimental  results. 

Figure  3  shows  the  typical  ions  map  and  equi-potential  lines  at  t=4.5 
ns,  associated  with  Fig.  2.  It  is  proved  that  the  equi-potential  lines  was 
disturbed  along  the  ion  density  alternation.  Moreover,  ions  locus  have 
curved  in  the  acceleration  gap.  It  is  considered  that  they  will  cause  the 
large  local  divergence  and  deflection. 

To  estimate  the  effect  of  the  potential  disturbance  on  the  LIB 
focusing,  we  have  evaluated  the  ion  beam  local  divergence.  Figure  4 
shows  the  local  divergence  angle  dependency  on  anode  groove  pitch.  It 
was  calculated  from  the  FWHM  of  ion  profile  accumulated  on  z  axis,  and 
averaged  in  the  elevation  angle  of  0  .  Fig.  4  gives  the  minimum  of  41 
mrad  at  anode  groove  pitch  =  2.4  mm  and  maximum  of  60  mrad  at  3.0  mm. 

Figure  5  shows  the  local  z-deflection  angle  averaged  in  the  elevation 
direction  of  0  .  The  deflection  angle  seems  to  be  increase  with  the 
groove  pitch.  At  anode  groove  pitch  =  2.4  mm,  z-deflection  angle  of  1 14 
mrad  is  in  good  agreement  with  the  experimental  result. 

Figure  6  shows  the  ion  focus  length  observed  on  the  diode  axis  of  z. 
At  anode  groove  pitch  =  2.2  mm,  where  the  local  divergence  angle  is  small, 
the  focus  length  has  the  peak  of  6.6  mm.  Putting  these  results  together, 
we  have  recognized  that  the  focusibility  of  SPFD  would  be  determined  by 
the  z-deflection  angle  rather  than  the  local  divergence  angle.  To  get 
higher  power  density  on  focus  point,  it  may  be  effective  to  modify  the 
anode  curvature. 

§3.  Conclusion 

1)  We  have  developed  a  new  PIC  Simulation  code.  It  is  including  the 
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anode  groove  to  evaluate  the  ion  beam  focusibility. 

2)  On  experiment  anode  conditions,  simulation  results  is  in  good 
agreement  with  the  experimental  results. 

3)  The  focusibility  of  SPFD  would  be  determined  by  the  z-deflection 
angle  rather  than  the  local  divergence  angle. 
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Power  Flow 


Figure  1  Schematic  of  the  SPFD 


Table  1 

Specification  of  Simulation  Code 

PIC  Code 

Treatment 

:  Electro-Magnetic  and  Relativistic  (  only  ion  ) 

Dimension 

:  2.5 

Mesh  Size 

;  0.02  cm  square 

Time  Resolution 

:  0.3  ps 
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Abstract 

The  goal  of  FIREX  (Field-reversed  Ion  Ring  Experiment)  is  to  produce  a  fully 
field-reversed  ring  with  1  MeV  protons.  Such  a  ring  requires  about  2-3x10^^  pro¬ 
tons,  or  30-50  mC  of  charge.  This  charge  is  to  be  injected  as  an  annular  proton 
beam  through  a  suitable  magnetic  cusp  configuration  to  produce  a  compact  ring. 

We  describe  here  the  critical  design  issues  for  the  ion  beam  accelerator.  First  experi¬ 
mental  results  of  ion  diode  operation  indicate  that  the  design  is  capable  of  producing 
the  required  beam  parameters. 

I.  Introduction 

The  new  FIREX  (Field-reversed  Ion  Ring  Experiment)  accelerator  is  a  1.2  MV,  800  kA, 
150  ns  pulsed  power  source  constructed  at  Cornell  for  driving  a  magnetically-insulated  ion  diode. 
This  diode,  based  on  designs  developed  at  Cornell  over  the  last  decade,  generates  a  proton  beam 
in  a  magnetic  field  system  designed  to  form  ion  rings.  FIREX  is  intended  as  a  major  step 
toward  the  realization  of  a  field-reversed  ion  ring  or  ion  ring/FRC  reactor  in  which  a  significant 
fraction  of  the  azimuthal  current  is  carried  by  large  orbit  ions  that  provide  MHD  stability  to  a 
high-/?  field-reversed  configuration  (see  companion  paper  [1]).  The  goal  of  FIREX  is  to  produce 
a  fully  field-reversed  ring  with  1  MeV  protons,  which  requires  ~  30  mC  protons  in  the  ring  and 
~  400  kA  proton  current  from  the  diode  [1].  The  basic  experimental  approach  follows  that  of 
our  earlier  experiments:  an  annular  proton  beam  is  injected  through  a  magnetic  cusp  into  a 
solenoidal  field,  thereby  converting  up  to  90%  of  the  proton  kinetic  energy  into  rotation.  On  the 
FIREX  experiment,  the  cusp  is  very  compact  axially  (~  12  cm),  and  the  solenoid  is  a  gradual 
ramp,  rising  from  6  to  9  kC  over  2  meters  of  axial  length.  Due  to  this  axial  gradient,  the 
circulating  beam  particles  are  slowed  down  axially  and  eventually  are  reflected  by  the  mirror 
effect. 

II.  FIREX  Pulser 

In  designing  the  pulsed  power  driver,  the  need  to  limit  costs  and  meet  space  restrictions 
while  at  the  same  time  provide  the  large  amount  of  charge  required  to  achieve  field  reversal 
led  to  a  design  that  reuses  existing  tanks  and  gas  switches  from  the  LION  pulser  [1]  but  adds 
new  high  energy-density  capacitors  and  triaxial  pulse  shaping  lines.  A  bipolar  Marx  generator 
of  24  3.0  fjF,  100  kV  capacitors  charges  a  50  nF  triaxial  water  dielectric  intermediate  storage 
capacitor  (ISC).  The  ISC  is  composed  of  three  concentric  coaxial  cylinders,  with  the  outer-  and 
inner-most  cylinders  nominally  at  ground  potential  (see  Figure  1).  The  outside  diameter  of  the 
outer  cylinder  was  limited  by  the  dimensions  of  the  existing  water  tank  (2  m).  The  diameters  of 
the  intermediate  and  inner  cylinders  were  then  determined  by  limiting  the  electric  field  on  the 
intermediate  conductor  to  75%  of  the  positive  breakdown  strength  of  water. 

After  an  ISC  charging  time  of  approximately  1.2  fis,  a  self-break  SFe  gas  switch  closes, 
charging  the  pulse-forming  line  (PFL).  In  an  effort  to  decrease  the  overall  diameter  of  the  PFL 
and  increase  the  length-to-circumference  ratio,  as  well  as  operate  with  relaxed  electric  field  values 
on  the  conductors,  the  PFL  is  split  into  two  nested  lines.  After  the  main  gas  switch  closes,  the 
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PFL  is  charged  as  two  lines  of  2.5  Q.  and  3.2  Q  in  series.  After  the  main  water  switch  closes,  the 
lines  discharge  in  parallel  as  a  1.4  fl,  60  ns  pulseline. 

The  main  water  switch  is  a  six  electrode  self-break  switch  that  connects  the  PFL  to  a  1.4  Q, 
20  ns  coaxial  output  line.  Inside  the  output  line  is  a  14  Q,  80  ns  (one  way)  transit-time  isolator 
used  to  feed  power  and  signals  to  and  from  anode  potential.  Between  the  output  line  and  the 
60  nH  vacuum  interface  is  an  8  electrode  prepulse  water  switch.  The  diode  load  sits  at  the  end 
of  a  short  (~  65  cm  long)  10  Q  magnetically  insulated  vacuum  transmission  line  attached  to  the 
vacuum  interface. 

The  downstream  portions  of  the  PFL  conductors,  output  line,  and  the  vacuum  insulator  outer 
conductor  are  all  fabricated  using  perforated  stainless  steel  to  allow  for  shock  wave  pressure  relief 
when  the  water  switches  fire. 

In  the  results  reported  in  this  paper,  an  epoxy  groove  anode  has  been  used.  To  achieve  a 
greater  proton  fraction  in  the  beam,  an  evaporating  metal  foil  anode  plasma  source  (EMFAPS) 
anode  [2]  will  later  be  installed.  A  new  approach  will  be  tried  on  FIREX  to  divert  a  portion  of 
the  main  pulse  energy  to  drive  the  EMFAPS  foil.  Previously,  on  the  LION  accelerator,  a  plasma 
opening  switch  was  used  to  transfer  a  small  fraction  of  the  main  pulse  to  drive  the  anode  plasma 
source.  LION  data  indicate  that  a  10  ns,  100  kA  current  pulse  that  arrives  5  to  10  ns  before  the 
main  pulse  is  required  to  evaporate  the  metal  foil  and  establish  the  proper  plasma  parameters. 
To  avoid  the  reliability  problems  of  an  opening  switch,  on  FIREX  a  portion  of  the  high-voltage 
pulse  energy  is  being  capacitively  coupled  to  the  EMFAPS  driver.  Electrodes  have  been  placed 
on  the  water  side  of  the  vacuum  insulator  inner  conductor  in  close  proximity  to  the  grounded 
water  switch  midplane.  The  electrode  spacing,  as  well  as  the  radial  position,  can  be  adjusted  to 
change  the  timing  and  amplitude  of  the  signal.  The  signal  is  carried  to  the  anode  foil  using  a 
4  n  transmission  line  located  inside  the  inner  conductor  of  the  vacuum  line.  Pspice  [3]  circuit 
analysis  was  used  to  model  the  FIREX  pulser.  Output  from  the  Pspice  model  was  incorporated 
in  PIC  simulations  during  the  design  phase  of  the  FIREX  experiment. 

III.  FIREX  Ion  Diode 

The  central  component  of  the  FIREX  ion  accelerator  is  an  applied-B  magnetically-insulated 
ion  diode  of  a  type  first  employed  at  Cornell  for  ion  ring  generation  in  1978.  The  first  critical 
feature  in  the  diode  design  is  the  magnetic  field  and  electrode  configuration  of  the  diode,  which 
determines  the  diode  efficiency,  distribution  of  ion  current  density  and  the  diode  impedance.  The 
FIREX  design  is  developed  directly  from  the  optimized  diode  used  since  1992  on  LION  (4).  For 
FIREX,  the  voltage  and  current  density  are  nearly  the  same  as  for  the  LION  diode,  but  the  total 
diode  area  is  a  factor  of  five  larger,  and  the  pulse  length  is  three  times  longer.  The  FIREX  diode 
and  magnetic  field  configuration  are  shown  in  Figure  2.  The  field  is  the  result  of  the  superposition 
of  the  external  solenoid  driven  by  a  3  s  pulse  that  penetrates  all  diode  structures,  and  the  diode 
coil,  driven  by  a  0.5  ms  pulse  that  is  excluded  by  selected  components  in  the  structure  to  shape 
the  magnetic  field.  The  field  in  the  diode  gap  is  designed  to  produce  an  ion  current  density 
uniform  across  the  diode  radius,  and  to  have  only  a  small  spread  in  canonical  angular  momentum 
for  beam  particles  at  different  radii.  These  conditions  are  optimized  experimentally  by  adjusting 
the  ratio  between  the  solenoid  field  and  the  diode  field.  Variation  of  5%  in  this  ratio  changes 
the  magnetic  flux  surface  tilt  in  the  gap  enough  to  significantly  change  the  diode  operation. 
Figure  3  shows  diode  voltage  and  total  current  waveforms,  and  proton  current  density  measured 
by  filtered  magnetically  insulated  faraday  cups  at  70%  marx  charge  (64  kV).  Figure  4  shows 
experimental  diode  current  and  voltage  waveforms  from  Fig.  3,  as  well  as  waveforms  from  a 
shot  with  20%  lower  magnetic  insulation,  compared  to  the  results  of  Pspice  simulations  at  100% 
marx  charge.  (The  simulated  current  trace  is  proton  current  only,  and  should  be  multiplied 
by  1.33  to  obtain  diode  current.)  The  ion  diode  impedance  profile  used  in  the  simulations  was 
constructed  from  LION  diode  data,  extrapolated  to  the  FIREX  pulse  length  using  information 
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about  plasma  motion  and  impedance  collapse  from  LION  diagnostics  (4).  In  the  experimental 
result,  the  initial  voltage  rise  is  slower  than  the  simulation,  and  the  droop  in  voltage  is  more 
rapid  in  the  second  half  of  the  pulse.  The  current  waveform  shape  is  similar,  but  the  amplitude 
is  about  half  of  that  simulated  at  full  marx  charge  and  the  modeled  diode  coupling.  The  diode 
is  presently  insulated  to  Vcrit  ^  1-3  MV  {Vent  is  the  critical  voltage  for  magnetic  insulation),  at 
the  outer  anode  radius.  The  design  of  the  diode  and  cusp  fields  allows  for  up  to  twice  this  Vcrit, 
with  the  solenoid  field  matched  for  optimal  ring  formation.  The  two  experimental  waveforms 
in  Fig.  4  show  strong  improvement  in  voltage  pulse  shape  with  the  20%  increase  in  Va-it-  We 
believe  that  the  initial  voltage  rise  is  still  limited  by  marginal  insulation  of  the  diode  at  early 
time,  and  anticipate  that  the  voltage  rise  will  be  further  sharpened  as  Vcrit  is  increased.  A 
faster  voltage  rise  and  higher  early  voltage  peak  should  allow  a  faster  rise  in  the  ion  current 
enhancement,  and  bring  the  initial  current  rise  up  toward  the  simulation.  We  also  believe  that 
the  late  voltage  droop  will  be  further  lessened  by  stronger  insulation,  based  on  LION  data. 
Turn-on  of  the  present  passive  anode  may  limit  the  allowable  increase  in  Vcrit  to  achieve  these 
goals,  but  the  EMFAPS  anode  should  relax  this  limitation  as  well  as  provide  a  much  higher 
proton  fraction  than  the  presently  inferred  ~  60%  of  the  beam.  The  FIREX  diode  is  designed 
with  an  area  of  500  cm^,  so  that  the  required  ion  current  density  is  limited  to  below  1.5  kA/cm^, 
to  avoid  severe  “parasitic  load”  regimes  in  which  ion  current  is  diverted  to  undesired  ion  species, 
and  diode  impedance  collapses  rapidly. 

The  FIREX  pulser  design  process  used  the  diode  model  and  ring  generation  requirements  in 
a  much  more  detailed  and  interactive  way  than  previous  pulsed  power  generator  designs,  in  that 
calculated  beam  pulses  from  the  accelerator  (diode  and  pulser)  were  used  extensively  in  ring 
formation  simulations  to  iteratively  optimize  the  design  of  both  the  pulser  and  the  magnetic 
system.  The  early  results  we  have  shown  give  promise  that  FIREX,  when  optimized  at  full 
pulser  energy,  will  be  able  to  provide  the  beam  required  for  field-reversed  ring  formation  during 
the  next  year. 

*Work  supported  by  US  DOE  Grant  No.  DE-FG02-93ER54221. 
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Figure  1:  Water  section  of  the  FIREX  pulser. 
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Figure  2:  FIREX  diode.  (A)  Anode;  Figiire  3:  FIREX  diode  traces. 

(B)  Cathode;  (C)  Diode  Foil; 

(D)  Diode  Current  Monitor. 

Field  lines  are  plotted  less  frequently 
outside  the  separatrix  for  clarity. 


Figure  4:  Simulated  (solid)  and  experimental  (solid  -  1.3  MV  I4rit)  dashed  -  1.06  MV 
Vcrit)  waveforms. 
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Abstract 

We  are  engaged  in  conducting  complex,  3-D  simulations  in  support  of  the  on-going  experimen¬ 
tal  program,  FIREX  (Field- Reversed  Ion  Ring  Experiment)  launched  at  the  Cornell  University 
to  produce  an  ion  ring  magnetic  field-reversed  configuration  by  injecting  an  intense  annular  pro¬ 
ton  beam  across  a  plasma-filled  magnetic  cusp  region  into  a  neutral  gas  immersed  in  a  ramped 
solenoidal  magnetic  field.  Our  previous  axisymmetric  PIC  simulations  performed  with  the  FIRE 
code  have  demonstrated  that  strong  ion  rings  (with  a  self-magnetic  field  large  enough  to  reverse  the 
applied  field  on  axis)  can  be  created  using  this  technique  on  the  equipment  designed  and  assembled 
at  Cornell.  We  have  created  a  new,  parallel,  object-oriented,  3-D,  hybrid,  PIC  code,  FLAME  to 
study  questions  of  extreme  importance  to  the  success  of  the  FIREX  program,  namely,  the  3-D 
injection  of  a  powerful  ion  beam  into  a  strongly  magnetized  plasma,  formation  of  a  field-reversed 
ring,  and  the  stability  and  equilibrium  of  such  rings  to  toroidal  perturbations.  Using  FLAME 
we  have  investigated  the  stability  of  the  ring  formation  during  the  injection  phase  and  at  later 
times  when  the  ring  is  virtually  stopped  and  the  applied  magnetic  field  is  nearly  reversed.  Our 


simulations  have  revealed  the  effect  of  toroidal 
on  the  ion  ring  formation. 

1.  Introduction 

Ion  rings  [1]  consist  of  energetic  ions  with  gy- 
roradii  of  order  the  plasma  major  radius,  and 
carry  enough  azimuthal  current  to  generate  a 
self-magnetic  field  to  maintain  a  self-consistent 
equilibrium  [2]..  The  project  FIREX  is  cur¬ 
rently  underway  at  Cornell  to  experimentally 
create  an  ion  ring  with  large  field  reversal  factor 
5B/B  >  1  {5B  is  the  diamagnetic  self-field 
on  axis  and  B  is  the  external  magnetic  field). 
When  C  exceeds  unity  the  resultant  field  at  the 
axis  of  the  ring  is  opposite  in  direction  to  the 
external  field.  Such  a  configuration  is  called  a 
Field  Reversed  Configuration  (FRC)  (Fig.  1)  and 
has  good  properties  for  plasma  confinement.  In 
FIREX  ion  rings  are  produced  by  injecting  a 
strong  proton  beam  (with  the  number  of  parti¬ 
cles  Nh  ^  (2^5)  X 10^^)  through  a  magnetic  cusp 
followed  by  a  ramped  solenoidal  field  (Fig.  2). 

The  effect  of  the  radial  component  of,the  cusp 
magnetic  field  acting  on  the  particles  results  in 
the  conversion  of  a  substantial  fraction  of  their 
axial  energy  (initially  1  MeV)  into  the  az- 


aberrations  in  the  axially  ramped  magnetic  field 


EXTERNAL  MACNCT1C  FIELD 


Figure  1:  Schematic  drawing  of  ion  ring  mag¬ 
netic  field  reversed  configuration. 


.  1175- 


Figure  2:  Applied  magnetic  field  structure  (field  Figure  3:  3-D  (Cartesian)  snapshot  of  the  rotat- 
lines  are  plotted  at  the  poloidal  planes,  6  =  ing  ion  beam;  spikes  indicate  particle  positions 
0, 7r/2,  TT,  3;r/2).  on  the  injection  surface. 


imuthal  energy  of  particle  gyration  around  the 
center  axis  with  radii  Ret  15  cm,  leading  to  the 
formation  of  a  cylindrical  layer  of  rotating  ions 
advancing  into  the  solenoidal  field  (Fig.  3). 

The  formation  of  FRC’s  by  an  energetic  pro¬ 
ton  beam,  and  their  long-time  stability  are  the 
primary  issues  for  analytical  and  computational 
research  in  support  of  FIREX.  Two  particle-in- 
cell  (PIC)  codes  have  been  developed  to  study 
these  problems. 

The  2|-D  (axisymmetric),  hybrid,  PIC  code, 
FIRE  was  developed  at  an  early  stage  of  the  ex¬ 
perimental  program,  and  provided  a  deep  insight 
[3]  into  the  dynamics  of  the  formation  of  a  strong 
magnetic  field  reversed  ion  ring.  Particularly,  it 
was  found  that: 

•  the  ion  beam  is  trapped  and  bunched  into 
a  ring  on  a  fast  timescale  (of  the  or¬ 
der  of  several  ion  cyclotron  periods)  by 
the  self-generated  magnetic  compressional 
waves  propagating  predominantly  in  the  ra¬ 
dial  direction; 

•  the  ring  has  a  compact  form  and  may  con¬ 
tain  up  to  70%  of  the  total  number  of  in¬ 
jected  particles; 


•  the  field  reversal  on  axis  (with  C  >  1-5)  oc¬ 
curs  on  the  collisional  diffusion  timescale  of 
several  microseconds; 

•  once  closed  lines  of  force  are  formed  the  ring 
and  the  background  plasma  act  as  a  collec¬ 
tive  entity  with  the  result  that  the  energetic 
ion  momentum  is  shared  with  plasma  ions. 
Thus  the  ring  is  significantly  decelerated 
on  reflection  in  the  ramped  solenoidal  field 
compared  to  free  particle  motion,  which 
gives  enough  time  to  switch  an  upstream 
mirror  to  trap  the  ring. 

2.  Computational  Model 

A  new  3-D,  hybrid,  PIC  code,  FLAME  has 
been  created  recently  to  simulate  plasma  phe¬ 
nomena  in  the  3-D,  cylindrical  (r.BjZ)  geom¬ 
etry.  It  is  based  on  the  same  principles  of 
physics  as  the  2^-D  FIRE  code,  i.e.  it  follows 
low-frequency,  quasi-neutral  plasma  motions  de¬ 
scribed  by  the  Maxwell  equations  with  displace¬ 
ment  current  totally  neglected: 

V  X  B  =  — (je+j.),  (1) 

c 
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f  =  -V  X  E,  (2) 

where  jej‘t  the  electron  and  total  ion  current 
densities.  The  multiple  ion  species  are  repre¬ 
sented  by  macro-particles  (whose  motion  is  gov¬ 
erned  by  the  Newton-Lorentz  equations),  and 
the  electrons  are  modeled  as  a  cold  massless  fluid 
obeying  a  generalized  Ohm’s  law: 


E  = 


1. 

~Je  + 
a 


jeXB 
erZgC  ’ 


u. 


pe 


4w{l/ei  +  I/en)’ 


(3) 


In  (3)  LJpe  and  rig  are  the  electron  plasma  fre¬ 
quency  and  number  density;  i/ci  and  are  the 
characteristic  frequencies  of  elastic  electron  col¬ 
lisions  with  background  ions  and  neutrals,  re¬ 
spectively.  We  use  a  finite-difference  represen¬ 
tation  to  discretize  all  spatial  operators  in  the 
poloidal  plane  (r^z),  and  exploit  the  periodic  na¬ 
ture  of  the  toroidal,  0-direction  by  representing 
all  physical  quantities  as  finite  Fourier  series  and 
using  a  fast  Fourier  transform  (FFT)  algorithm 
to  switch  between  the  cylindrical  mode  and  con¬ 
figuration  spaces.  The  magnetic  field  B  compo¬ 
nents  are  defined  on  the  staggered  poloidal  grid 
mesh  (commonly  known  as  the  Yee  lattice)  to 
ensure  the  conservative  form  of  a  discrete  diver¬ 
gence  analog,  V  •  B.  The  electric  field,  E  in  our 
model  is  not  advanced  in  time  as  it  is  normally 
done  in  fully  electromagnetic  codes,  but  instead 
is  found  from  its  relation  to  the  electron  den¬ 
sity  and  current  (3).  To  avoid  significant  nu¬ 
merical  errors  that  can  result  from  nonlocal  op¬ 
erations  performed  in  spatial  regions  with  large 
plasma  density  gradients  we  introduced  two  grid 
vector  fields,  corresponding  to  the  physical  elec¬ 
tric  field,  E.  The  primary  field  is  computed  via 
Ohm’s  law  and  defined  along  with  the  quantities 
describing  plasma  response  (the  ion  and  electron 
charge,  pe,  Pi,  and  current,  jg,  densities)  on  the 
Yee  JE'^-grid.  The  secondary  electric  field  is  con¬ 
structed  by  a  spatial  averaging  of  the  primary 
field,  and  defined  together  with  a  discrete  curl 
operator,  VxB  at  standard  Yee’s  vertices.  Thus, 
the  resulting  spatial  finite-difference  operators 
are  accurate  to  the  second  order  of  mesh  spac¬ 
ing,  conserve  V  •  B  identically  (with  computer 


arithmetics  precision)  and  provide  an  explicit  al¬ 
gorithm  for  computing  the  self-consistent,  low- 
frequency,  electromagnetic  field. 

Boundary  conditions  for  E,  B  on  axis  are  sat¬ 
isfied  in  m-mode  space  by  taking  advantage  of 
the  known  asymptotic  behavior  of  each  particu¬ 
lar  mode.  The  electric  field,  E  and  the  normal 
component  of  the  magnetic  field,  B  are  assumed 
to  vanish  at  all  conducting  surfaces  (the  short¬ 
ing  out  of  the  normal  component  of  E  can  be 
validated  either  through  the  assumption  of  sur¬ 
face  charge  quasineutrality  at  the  plasma-metal 
interface  due  to  an  ’’infinite”  electron  supply  by 
the  conducting  wall  at  high  magnitudes  of  the 
electric  field  that  could  result  under  experimen¬ 
tal  conditions,  or  by  assuming  infinite  permit¬ 
tivity  of  the  wall  material,  c).  The  tangential 
component  of  the  magnetic  field  then  suffers  a 
discontinuity  across  plasma  boundaries  (it  van¬ 
ishes  inside  conductors).  Particle  boundary  con¬ 
ditions  absorb  (beam  species)  or  reflect  (back¬ 
ground  ions)  particles  at  all  rigid  boundaries. 

FLAME  has  been  designed  to  run  on  mas¬ 
sively  parallel  facilities.  The  parallel  computing 
is  achieved,  as  usual,  by  partitioning  the  global 
computation  domain  into  subdomains,  assigning 
grid  and  particle  data  to  each  subdomain,  and 
processing  them  concurrently  [4].  The  numeri¬ 
cal  algorithm  alternates  the  time  advances  of  the 
magnetic  field  and  particle  positions  as  well  as 
the  particle  charge  deposition  with  acts  of  trans- 
fering  grid  and  (if  necessary)  particle  data  be¬ 
tween  the  neigbouring  subdomains.  The  parti¬ 
tioning  of  the  global  computation  region  is  done 
only  in  the  poloidal  plane  so  that  FFT’s  are  al¬ 
ways  local  to  processors.  The  general  (object- 
oriented)  communication  algorithm  we  have  de¬ 
veloped  assigns  an  arbitrary  number  of  subdo¬ 
mains  to  any  particular  processor  and  makes 
possible  the  transfer  of  grid  and  particle  data 
across  the  processors  using  similar  (in  spirit) 
techniques. 

3  Results 

We  have  applied  FLAME  to  study  the  3-D  sta¬ 
bility  of  ion  beam  injection  and  ring  formation 
phase.  The  important  point  of  this  study  was  to 
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determine  whether  the  presence  of  toroidal  fluc¬ 
tuations  in  the  beam  density  and  current,  caused 
by  static  toroidal  aberrations  of  the  ramped  ap¬ 
plied  magnetic  field,  m  0  may  amplify  per¬ 
turbations  to  such  an  extent  that  they  have  a 
disruptive  eff’ect  on  a  ring  trapping  and  the  for¬ 
mation  of  a  field-reversed  configuration. 

The  results  hint  the  good  toroidal  stability 
properties  of  the  rings  previously  observed  in  the 
axisymmetric  (2|-D)  simulations.  In  particular, 
we  have  studied  the  ’’quiet”  injection  (Fig.  3)  of 
an  unperturbed  ion  beam  into  a  ramped  applied 
magnetic  field  distorted  by  static  dipole  (m  =  2) 
radial  and  toroidal  harmonics  of  the  order  of  sev¬ 
eral  percent  of  the  radial  component  of  the  ax¬ 
isymmetric  solenoidal  field  at  the  characteristic 
beam  injection  radius. 

We  have  found  that  this  symmetry-breaking 
factor  does  not  significantly  interfere  with  the 
beam  trapping  and  ring  formation  mechanisms 
previously  studied  under  the  assumption  of  ax¬ 
isymmetric  evolution  of  the  beam-plasma  sys¬ 
tem.  The  beam  is  trapped  by  the  self-field  on 
the  same  spatial  and  temporal  scales  previously 
derived  from  the  axisymmetric  studies  (Fig.  4). 
However,  the  3-D  simulation  reveals  that  the 
beam  modulation  at  m  =  2  (which  develops 
during  the  ring  formation  and  disappears  later 
on  due  to  the  phase  mixing  of  the  large-orbit 
beam  particles),  results  in  an  increase  in  the  ra¬ 
dial  beam  temperature  and  an  additional  radial 
beam  spread  compared  to  the  axisymmetric  case. 

We  have  discovered  that  the  maximum 
toroidal  perturbations  of  the  ring-generated 
magnetic  field  are  of  the  order  of  20%  of  the  aver¬ 
aged  self-field  strength  at  the  ring  location  after 
1  fisec.  However,  the  self-field  that  diffuses  to 
the  axis  remains  much  more  uniform  through¬ 
out  the  simulation.  The  temporal  evolution  of 
the  maximum  field-reversal  factor  follows  very 
closely  the  time  history  during  the  axisymmetric 
formation  of  the  ring  (obtained  in  2^-D  simula¬ 
tions),  and  even  speeds  up  thereafter  due  to  the 
closer  proximity  of  the  ring  to  the  axis. 

We  intend  to  verify  further  these  important 
issues  through  a  thorough  investigation  of  the 
stability  of  a  stationary,  field-reversed  ring  with 


Figure  4:  Superimposed  3-D  simulation  snap¬ 
shots  of  the  total  magnetic  field  and  the  ion  ring. 

respect  to  the  tilt  and  precession  modes.  The 
results  of  our  research  are  expected  to  provide 
further  insight  into  the  general  theory  of  equi¬ 
librium  and  stability  of  field-reversed  configura¬ 
tions. 

This  work  was  supported  by  U.S.  DOE  Con¬ 
tract  No.  DE-FG02-93ER54221,  and  was  done 
using  the  IBM  SP2  system  of  the  Cornell  Theory 
Center. 
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Abstract 

This  paper  presents  results  of  our  recent  study  on  reproducibility  of  ion  beams 
extracted  from  a  grid-controlled  vacuum  arc  ion  source.  Mass-spectroscopy 
measurements  showed  that  the  vacuum  arc  discharge  plasma  sometimes  contains 
large  amount  of  impurities.  We  found  that  these  impurities  change  a  space-charge- 
limited  current  value  of  the  extraction  gap  and  degrade  the  reproducibility  of  the 
extracted  ion  beams.  We  also  found  that  the  production  of  impurities  can  be 
suppressed  with  a  liquid-N2  trap  installed  near  the  arc  electrode. 


Introduction 

The  goal  of  our  study  is  to  develop  high- 
current  ion  injectors  for  long-pulse  induction 
accelerators.  Requirements  for  such  ion 
injectors  include  the  following;  high 
brightness,  good  reproducibility,  and  high 
repetition  rate.  Moreover,  they  must  supply 
adequate  ions  for  more  than  ps  pulse 
duration.  As  a  candidate  of  the  ion  sources 
that  can  meet  such  severe  requirements,  we 
developed  a  vacuum  arc  ion  source. 

Until  now,  many  scientists  have  estimated 
the  capability  of  vacuum  arc  ion  sources  as 
ion  injectors [1].  One  of  the  major  problems  is 
that  the  ion  beams  extracted  from  the  vacuum 
arc  ion  sources  have  large  beam  noise  and 
poor  reproducibility.  This  is  because  the 
vacuum  arc  plasma  usually  has  strong  flux 
variations,  which  makes  it  difficult  to  keep 
the  perveance  matching  at  the  extraction  gap 
during  the  pulse.  To  solve  this  problem, 
Humphries  et  al.  originally  proposed  and 
developed  a  grid-controlled  extractor,  which 
decouples  the  beam  optics  from  the  source 


fluctuation [2].  Since  this  extractor  operates  in 
a  space-charge-limited  mode  and  the  virtual 
anode  in  the  extraction  gap  maintains  the  ion 
beam  current  density  at  a  Child- 
Langmuir(CL)  value,  it  can  reduce  the  beam 
noise  and  improve  reproducibility  of  the 
extracted  ion  beams. 

We  adopted  the  grid-controlled  extractor 
for  our  vacuum  arc  ion  source  and  tested  its 
basic  operations  in  the  previous 
experiments [3].  From  the  previous  results,  we 
confirmed  that  the  grid-controlled  structure  is 
effective  for  noise  reduction  and  control  of 
ion  beam  waveforms.  However,  we  also 
found  that  the  waveforms  of  the  ion  beams 
often  become  very  noisy  and  lose  their 
reproducibility.  In  such  a  situation,  the  ion 
beam  current  density  increases  beyond  the 
calculated  CL  value.  This  seems  to  imply  that 
the  effective  CL  value  of  the  gap  is  enhanced 
by  lighter  ions  or  higher  stripped  ions  in  the 
source  plasma.  To  confirm  it  experimentally, 
we  have  performed  mass  spectroscopy  of  the 
extracted  ion  beams.  In  this  paper,  we  report 
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the  results  of  the  mass  spectroscopy  and 
discuss  the  operation  of  the  grid  controlled 
extractor  in  case  the  source  plasma  has  the 
charge-to-mass  distribution. 

Experimental  Setup 

A  schematic  drawing  of  the  vacuum  arc 
ion  source  is  shown  in  Fig.l.  The  arc  cathode 
is  surrounded  by  the  ceramic  insulator  and 
the  cylindrical  trigger  electrode  of  stainless 
steel.  The  arc  anode  consists  of  a  stainless- 
steel  mesh.  The  mesh  anode  can  stabilize  the 
source  plasma  supply  because  it  assures 
almost  uniform  electric  field  over  the  cathode 
surface.  The  driving  circuit  of  the  vacuum  arc 
discharge  is  a  5Q-100/<s  pulse  forming 
network  and  the  arc  discharge  current  is 
typically  set  to  100-200A.  The  grid- 
controlled  extractor  consists  of  three  grid 
electrodes  of  tungsten  mesh(100mesh/inch, 

(j)0.02).  The  anode  is  biased  at  about  -90V 
with  respect  to  the  plasma  potential  to 
confine  the  source  plasma  electrons  in  the 
expansion  chamber.  The  dc  extraction 
voltage(l-lOkV)  is  applied  with  a  0.25/<F 
capacitor.  The  pressure  of  the  chamber  is 

maintained  at  10‘^-10'^orr  by  turbo- 
molecular  pumps  and  in  some  measurements 
liquid-N2  cryo-pumping  is  additionally  used 
to  achieve  lower  background  pressure. 

To  perform  mass-spectroscopy 


ION  BEAM  CURRENT  (ntiA) 


Fig.  2  Charge-to-mass  distribution  of  vacuum  arc 
ion  beams.  Cu  cathode,  Extraction  voltage  : 
lOkV 

measurements,  a  mass-selection  magnet  is 
directly  connected  to  the  vacuum  arc  ion 
source.  A  Faraday  cup  installed  downstream 
detects  the  signal  of  the  ion  beams  whose 
directions  are  bent  by  30  degrees  by  the 
magnet. 

Results  and  Discussions 

The  result  of  mass  spectroscopy  of  the  ion 
beams  produced  with  the  copper  cathode  is 
shown  in  Fig.2.  Figure  2  reveals  that  the 
source  plasma  clearly  contains  carbon  ions 
and  protons  as  ingredients.  Particularly,  the 
amount  of  the  carbon  plasma  is  comparable 
to  the  amount  of  the  copper  plasma. 
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Fig.  3  Dependence  of  averaged  current  density 
on  total  shot  number.  Copper  cathode. 


Therefore,  the  existence  of  these  lighter 
plasma  component  leads  to  enhancement  of 
the  CL  value. 

We  observed  that  averaged  ion  current 
increased  with  operations.  Figure  3  and  4 
show  the  dependence  of  the  beam  current 
enhancement  on  the  total  number  of  shots.  In 
Fig.3,  the  current  density  of  each  shot  is 
averaged  over  lOO/rs,  and  normalized  to  the 
CL  value  for  Cu"*".  When  we  successively 
operate  the  ion  source,  typically  three  types 
of  current  waveforms  are  observed.  Each 
shot  number  corresponds  to  the  shot  number 
in  Fig.3. 

As  shown  in  Fig.4(a),  at  the  beginning  of 
the  serial  operation,  the  ion  source  operates 
fairly  well.  The  current  density  is  constant 
during  the  whole  pulselength  and  almost 
equal  to  the  CL  value  except  for  the  initial 
and  final  peaks.  The  cause  of  large  initial 
peak  is  probably  hydrogen  plasma  produced 
by  the  trigger  discharge  and  the  initial  arc 
discharge.  The  final  one  can  be  explained  by 
the  increase  of  the  CL  value  caused  by  the 
fall  off  of  the  virtual  anode  potential. 

The  current  density  increases  with 
increasing  number  of  total  shots.  In  Fig.4(b), 
although  the  waveform  has  almost  flat  top 


Fig.  4  Typical  waveforms  of  ion  beam  at  different 

shot  number.  Shot  number  is  (a)  4  (b)  15  (c)  34 

H:20/<s/div  V :  0.28mA/cm^/div 

between  the  two  peaks,  the  normalized 
current  density  becomes  close  to  the  CL 

value  for  C'*'. 

When  the  total  number  of  shots  exceed 
about  twenty(Fig.4(c)),  the  current  density 
fluctuates  considerably  between  the  shots  and 
then  there  is  no  reproducibility  at  all.  In  this 
situation,  the  waveform  of  ion  beam  current 
sometimes  has  several  spikes.  The  peak  value 
often  exceeds  the  CL  value  for  protons.  We 
think  that  the  leakage  of  the  plasma  electrons 
occurs  in  addition  to  the  enhancement  of  the 
effective  CL  value. 

From  these  results,  we  can  make  the 
following  two  remarks:  first,  the  source  of 
impurity  is  probably  hydrocarbonic 
compounds  around  the  vacuum  arc  region. 
Second,  the  vacuum  arc  discharges  tend  to 
pollute  the  cathode  surface  still  more.  In  fact. 
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Fig.  5  Dependence  of  ion  beam  current  density  on  total 
shot  number  with  hquid  N2  trap. 

Background  pressure:  SxlO'^orr. 


Moreover,  the  strong  flux  variations  of 
impurities  leads  to  the  beam  noise  and 
degrades  the  reproducibility  of  the 
waveforms  of  the  ion  beams 
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we  observed  that  the  edge  of  the  cathode 
became  dirty  after  several  tens  of  shots. 

To  perfoiin  the  plasma  production  at 
cleaner  cathode  surface  conditions,  we 
installed  a  liquid  N2  trap  near  the  arc 
cathode.  The  background  pressure  was 

decreased  down  to  3xlO'^Torr. 

As  shown  in  Fig.5,  the  enhancement  of 
the  ion  beam  current  density  is  considerably 
suppressed  by  the  use  of  the  liquid-N2  trap. 
After  60  shots,  its  enhancement  factor  is  less 
than  1.5. 

The  above  results  indicate  that  elimination 
of  the  impurities  around  the  arc  discharge 
region  improve  the  reproducibility  of  the  ion 
source. 

Concluding  remarks 

We  explored  the  effects  of  impurities  on 
the  operation  of  the  grid-controlled  vacuum 
arc  ion  source,  which  becomes  a  severe 
problem  when  we  applied  the  source  to 
accelerator  injection.  From  the  mass 
spectroscopy  measurements,  we  found  that 
the  copper  plasma  produced  in  our  source 
contain  large  amount  of  carbon  plasma  as 
impurity.  The  existence  of  lighter  impurities 
leads  to  the  enhancement  of  the  ion  beams. 
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Abstract 

Ion  or  electron  beams  can  be  einitted  from  liquid  metal  wetted  needles,  or  from  capillaries  or 
slits  into  which  the  liquid  metal  is  allowed  to  flow.  Large-area  liquid  metal  field  emission  sources  have 
been  proposed  recently,  using  either  two-dimensional,  regular  arrays  of  cones  or  capillaries,  or  even  a 
substrate  with  an  intrinsically  microstructured  surface  covered  by  a  liquid  metal  film.  This  latter 
concept  has  been  realized  in  a  pilot  experiment  by  in  situ  wicking  and  wetting  of  a  porous  sintered 
metal  disc.  Microstructured  liquid  metal  ion  or  electron  sources  are  capable  to  operate  in  a  pulsed 
mode  at  a  current  level  which  is  orders  of  magnitude  above  that  for  steady-state  operation. 

Introduction 

In  a  liquid  metal  field  emission  source  (i.e.,  a  liquid  metal  ion  source  (LMIS)  or  a  liquid  metal 
electron  source  (LMES),  depending  on  the  polarity  of  the  applied  voltage)  the  ions  or  electrons, 
respectively,  are  generated  directly  at  the  surface,  or  are  emitted  directly  from  the  surface  of  a  liquid 
metal  exposed  to  vacuum  by  means  of  a  high  electric  field  resulting  from  suitable  voltages  applied  to 
an  emitting  electrode  geometry.  When  the  surface  of  a  liquid  metal  is  subjected  to  a  high  electric  field,  it  is 
distorted  into  a  cone  or  a  series  of  cones  which  protrude  more  and  more  from  the  surface  with  increasing 
field  strength.  With  increasing  apphed  voltage,  the  radius  of  curvature  at  the  apex  of  these  cones  becomes 
smaller  and  smaller,  and  therefore,  the  local  electric  field  at  the  tip  becomes  larger  and  larger.  When  flie 
local  field  reaches  values  of  the  order  of  10^  V  m  ',  atoms  of  the  metal  tip  are  ionized  either  by  field 
evaporation  and/or  field  ionization.  With  the  proper  polarity,  the  free  electrons  are  rejected  into  the  bulk  of 
the  liquid  metal,  while  the  ions  are  accelerated  and  expelled  from  the  emitter  by  the  same  electric  field 
which  has  ionized  them.  The  ionization  process  is  accompanied  by  a  faint  luminous  glow  surrounding  the 
£q)ex  region  of  each  cone.  The  brightness  of  this  glow  increases  with  growing  emission  current.  Because  file 
radius  of  curvature  at  the  apex  of  such  a  cone  is  about  10"’  m,  for  interelectrode  spacings  of  some  10'^  m 
applied  voltages  of  some  1 0^  V  are  suflficient  to  obtain  the  required  high  electric  fields. 

The  static  forces  involved  in  the  formation  of  the  cones  are  polarity  independent;  therefore,  in 
principle,  simply  by  reversing  the  polarity  of  the  applied  voltage,  a  LMIS  can  operate  as  a  liquid  metal 
electron  source  (LMES)  and  may  be  utilized  for  a  hybrid  emitter  with  a  single  gun  assembly. 

Comparatively  few  experiments  have  been  performed  with  LMES.  Swanson  and  Schwind  [1] 
investigated  a  Ga-LMES  but  found  only  high  ciCrrent  nanosecond  length  pulsed  emission,  believed  to 
be  due  to  a  periodically  occuring  explosive  destruction  of  the  liquid  cone.They  conclude  that  DC 
electron  emission  from  a  field  stabilized  cone  is  simply  not  possible  regardless  of  the  substrate  radius. 
Later  on,  using  a  Ga-  and  In-LMES,  Rao  et  al.[2)  stated  that  it  is  possible  to  obtain  DC  electron 
emission  if  sufficiently  sharp  needle  substrates  and  low  extraction  voltages  are  used.  They  explained 
that  in  such  cases  the  emission  is  not  from  a  field  stabilized  liquid  metal  cone,  but  rather  it  is  normal 
field  electron  emission,  as  would  be  expected  from  such  a  solid  emitter  coated  with  a  liquid  metal  film. 
Mitterauer  [3]  has  reported  DC  electron  emission  from  a  Cs-LMES  with  rather  blunt  emitter  tips. 
However,  emission  in  the  field  emission  (FE)  mode  has  been  restricted  to  a  voltage  range  below  the 
onset  voltage  of  the  field  ion  (FI)  mode.  Oscillations  superimposed  on  the  DC  current  presumably 
indicate  the  ocurrence  of  microinstabilities  similar  to  micro-cathode  spots.  Just  recently,  Hata  et  al.[4] 
observed  on  a  sharp  needle  of  a  Ga-In-Sn  alloy  LMES  the  formation  of  a  seemingly  field  stabilized 
microcone  during  DC  electron  emission  by  means  of  a  high  voltage  transmission  electron  microscope. 
The  formation  site  of  this  microcone  is  localized  and  the  radius  of  the  base  is  much  smaller  tiian  that  of 
the  cone  in  the  FI  mode  operation  of  the  source.  When  the  thickness  of  the  liquid  film  was  increased  by 
inserting  the  needle  into  the  liquid  metal  reservoir  again,  pulsed  explosive  emission  ocurred. 
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Microstructured  liquid  metal  field  emission  sources 

Microstructured  liquid  metal  ion  or  electron  sources  (MILMIS/MILMES)  show  both  ^ 
intrinsic  and  an  induced  microstructure  of  the  liquid  metal  surface.  The  intrinsic  microstmcture  is 
determined  by  the  geometry  and  shape  of  the  solid  substrate  which  supports  the  liquid  metal.  The 
induced  microstructure  primarily  is  determmed  by  the  electrohydrodynaimc  instabilities  induced  by  the 
applied  electric  field.  For  a  single-point  LMIS/LMES,  the  supporting  solid  substrate  is  either  a  needle 
or  a  capillary  tube.  Assuming  an  uniform  wetting  of  the  substrate,  there  results  a  single  emitting  cone  or 
cusp  with  rotational  symmetry.  This  type  of  LMIS  nearly  exclusively  has  been  used  within  the  ample 
field  of  focused  liquid  metal  ion  beam  technology.  Equally,  almost  all  LMES-experiments  hitherto 

have  been  performed  with  this  source  type  (e.g.,  [l]-[4]). 

In  the  case  of  a  linear  array  MILMIS/MILMES,  the  supporting  solid  substrate  is  either  a  linear 
array  of  stacked  needles,' or  a  capillary  elongated  to  a  long  slit  of  nearly  rectangular  cross  section, 
therefore  allowing  the  occurrence  of  a  linear  array  of  emitting  cones.  In  the  first  case,  the  uniform 
distance  between  the  emission  sites  strictly  is  determined  by  the  intrinsic  microstmcture,  i.e.,  the 
equidistant  needle  tip  array.  In  the  second  case,  the  equidistant  spacing  of  emission  sites  primarily 
depends  on  the  induced  microstmcture,  i.e.,  the  dependence  of  the  wavelength  of  a  stable  mode  of  the 
surface  capillary  wave  on  the  applied  field. 

Entirely  different  to  the  case  of  single-point  LMIS/LMES,  there  exist  only  some  examples  of  linear 
array  MIT  MIR  At  the  European  Space  Research  and  Technology  Centre  (ESTEC),  a  field  emission  electnc 
propulsion  (FEEP)  system  based  on  the  LMIS-principle,  with  cesium  as  the  propellant,  progressively  has 
been  developed  and  evolved  from  a  single-pin  emitter,  through  linear  arrays  of  stacked  needles,  to  the 
presently  favored  slit  emitter  module  [5].  Homogeneous  high  current  ion  emission  fixim  a  micron-sized  sht 
has  been  demonstrated  successfully  [6],  allowing  the  occurrence  of  a  linear  series  of  equally  spaced  emitting 
sites  with  a  distance  of  less  than  1 0'^  m  and  a  linear  current  density  of  more  than  5  x  1  O'  A  m' . 

An  alternative  concept  of  a  linear  array  type  source  is  the  impregnated-electrode-type  LMIS  wth 
porous  ion  emission  tips  made  of  a  refractoty  metal  [7].  Typically,  a  porous  tip  is  formed  by  sintemg 
tungsten  powder;  this  porous  material  is  machinable  and  it  is  easy  to  fabricate  multiple  ion-emission  points. 
Using  this  approach,  germanium  ion  currents  of  about  4x10'^  A  were  obtained  from  a  source  equipped  with 
a  linear  ari'^  of  eight  ion  emission  pioints  equally  spaced  at  a  distance  of  1.4x10'  m.  The  corresponding 
linear  current  density  of  about  4xl0'‘  A  m''  is  comparable  with  the  results  for  a  sht  einitter  using  Cs  as 
hquid  metal  [6]. 

Finally,  for  a  two-dimensional  array  MILMIS,  the  solid  substrate  in  the  most  elementaiy  case  is  a 
planar  surface  parallel  to  a  planar  counter-electrode.  The  surface  of  the  liquid  will  distort  into  a  two- 
dimensional  array  of  cusplike  structures.  Theoretically  each  cusp  should  be  a  potential  emission  site, 
contributing  therefore  to  a  broad  ion  beam  [8].  At  Sandia  National  Laboratories,  there  was  a  major 
effort  underway  to  develop  a  lithium  ion  source  for  inertial  confinement  fusion  (ICF)  research  on  the 
Particle  Beam  Fusion  Accelerator  II  (PBFA  ff)  [9].  One  of  the  most  promising  ion  sources  under 
investigation  is  a  two-dimensional  array  LMIS.  This  approach  involved  a  large-area  (800  cm  ),  barrel- 
shaped,  vertical  surface  made  of  porous  or  fritted  material  in  order  to  provide  wicking  and  wetting 
from  a  Li  reservoir.  The  LMIS  is  located  on  the  anode  surface  of  the  accelerator  diode,  where  the  high 
voltage  power  pulse  {U  =  3xl0’  V,  /  =  4x10*  A,  P  =  1.2x10'"  W,  t  <  5x10'*  s)  from  the  accelerator 
should  be  converted  into  a  beam  of  energetic  Li  ions. 

Unfortunately,  this  very  first  attempt  to  realize  a  large-area,  two-dimensional  array  LMIS  did  not 
work  properly  and  did  not  meet  the  requirements  for  ICF.  Obviously,  the  main  reason  for  this  failure  was 
the  use  of  an  intrinsic  miaostractured,  rough  solid  substrate  (made  of  sintered  Inconel  600  with  an  average 
grain  density  of  4x10"  cm'^)  instead  of  a  plane,  smootii  substrate;  therefore,  an  undisturbed  pattern  of 
surface  waves  with  a  submicron  wavelength  never  could  be  attained. 

Pilot  experiment  on  a  cesium  Mn.,MIS/MILMES 

By  far  tiie  most  simple  method  to  realize  an  irregular  array  stmcture  covered  with  liquid  metal  is  in 
situ  wicking  and  wetting  of  a  porous  sintered  metal  from  a  hquid  metal  reservoir.  The  simil^ty  of  this 
concept  to  the  impregnated-electrode-type  LMIS  is  obvious;  the  only  difference  is  in  using  the  intrinsically 
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roughness  of  the  sintered  metal  surface  instead  of  machined  points  as  potential  emission  sites.  In  order  to 
prove  the  ^plicabUity  of  this  concept  of  MILMIS  or  MILMES  to  cesium  (Cs),  which  is  the  liquid  metal 
exclusively  used  with  the  FEEP-slit  emitter  [5],  Mitterauer  [10]  has  performed  an  pilot  experiment  with  a 
gridded  Cs-MILMIS/MILMES.  A  sectional  view  of  the  emitter-accelerator  configuration  of  the  source  is 
shown  in  Fig.l.  A  porous  metal  disk  (1)  of  5  mm  diameter  and  2  mm  thickness,  made  of  sintered  Inconel 
600  (that  is  the  same  material  being  used  as  the  substrate  in  the  PBFA  II  Li-MILMIS)  with  a  grain  size 
between  10  and  50  pm  and  an  average  grain  density  of  about  4x10'*  cm'^,  is  pressed  tightly  into  die  stainless 
steel  emitter  body  (2).  Fig.Sa  shows  a  circular  image  area  of  this  Cs  wetted  porous  miaostmcture  without 
emission  at  artificial  illumination.  Cs  is  supplied  to  the  reservoir  (3)  on  the  rear  of  the  porous  metal  insert  by 
a  totally  closed  Cs  feeding  system  involving  capillaiy  forces.  The  accelerator  electrode  is  a  stainless  steel 
plate  (4)  with  a  tapered  aperture;  on  the  rear  there  is  stretched  a  stainless  steel  grid  (5)  with  a  mesh  width  of 
2  mm.  The  interelectrode  distance  (the  grid  to  the  porous  emitter  surface)  is  2  mm. 

The  electiic  circuit  is  shown  in  Fig.2.  The  ion  or  electron  beam  is  collected  by  a  liquid  nitrogen 
cooled  cold  shroud  CS  on  ground  potential;  the  emitter  E  and  accelerator  ACC  are  coruiected  to  the 
potentials  ±Ue  and  ±f/jcc,  respectively,  versus  common  ground.  In  order  to  test  die  capability  of  the 
MILMIS/MILMES  to  operate  in  a  high  current  pulsed  mode,  a  low-inductive  high  voltage  capacitor  C  = 
2000  pF  is  connected  between  emitter  and  cold  shroud.  The  impulse  current  is  recorded  by  the  voltage  drop 
on  a  low-inductance  shunt  7<y=0. 1  O  with  a  Tektronix  519  oscilloscope.  With  applied  DC-voltages  Ue=  10 
kV  and  Uacc-  2  kV,  characteristic  values  of  the  emission  current  were  7^=  3x  10'^  A  for  the  MILMIS  and  Ie 
=  5x10'^  A  for  the  MILMES,  respectively.  The  individual  emission  sites  on  the  emitter  surface  of  the 
MILMIS  are  characterized  by  a  more  or  less  briglit  glow.  An  analysis  of  the  photomicrograph  Fig.  3b  with 
an  image  field  of  0.5  mm  diameter  shows  approximately  50  self-luminous  emission  sites  at  a  total  emission 
current  level  of  about  1x10'’  A.  Therefore,  for  the  total  emitter  surface  with  5  mm  diameter  results  an 
average  number  of  about  5000  individual  emission  sites  with  a  mean  emission  current  of  2x10"*  A/site. 

Pulse  operation  of  the  MILMIS/MILMES  is  obtained  by  applying  a  negative/poshive  high  voltage 
pulse  to  the  accelerator,  while  the  emitter  is  connected  to  die  capacitor  C  at  a  charging  voltage  Ue  of  ±10  - 
12  kV.  The  steady-state  emitter  current  is  about  (l-3)xl0'^  A.  The  high  voltage  pulse  is  supplied  by  a 
coaxial  cable  pulse  generator;  the  pulse  voltage  Uacc  is  ±5  -  15  kV,  the  pulse  width  is  6x10"®  s  with  a  rise 
time  of  lxl0‘*  s.  The  resulting  high  current  pulse  dischmge  shows  a  damped  oscillation  with  a  frequency  of 
approximately  4.2  MHz  and  a  duration  of  about  (6-8)xl0'’  s.  Depending  on  both  the  charging  voltage  Ue 
and  the  pulse  voltage  Uacc,  the  measured  maximum  peak  current  is  between  9x10^  A  for  the  MILMIS  and 
1.4x10^  A  for  the  MILMES,  with  a  maximiun  increase  of  1.7x10*®  A  s'".  After  such  a  pulsed  discharge,  the 
MILMIS/MILMES  operates  obviously  without  any  damage  in  the  low-current  regime.  These  results  prove 
the  principal  capability  of  this  gated  MILMIS  and  MILMES  to  operate  in  a  pulsed  mode  at  a  current  level 
which  is  orders  of  magnitude  above  that  for  a  steady-state  DC  mode. 

Conclusions 

In  principle,  MILMIS  and  MILMES  are  indestructible,  regenerative  sources  of  high  current, 
large-area  ion  or  electron  beams.  This  is  possible  at  least  by  combining  both  an  intrinsic  microstructure 
of  a  solid  substrate  and  an  induced  microstmcture  of  a  liquid  metal. 

Prospective  appplications  of  MILMIS’s  are  broad  ion  beam  technologies,  e.g.,  material 
processing  and  electric  space  propulsion.  However,  the  most  interesting  and  spectacular  applications  of 
pulsed  MILMIS’s  will  be  light-ion  inertial  confinement  fusion  and  fiindamental  research  of  matter 
under  unusual  conditions.  The  most  promising  application  of  MILMES’s  is  switching  in  pulsed  power 
technology.  This  technology  normally  incorporates  the  use  of  capacitive  storage  of  electrical  energy 
that  is  rapidly  delivered  to  a  load  by  means  of  a  fast  closing  switch  such  as  a  spark  gap.  There  is, 
however,  considerable  interest  in  the  use  of  inductive  energy  storage  primarily  because  of  the  order-of- 
magnitude  improvement  in  stored  energy  density.  One  key  problem  is  the  lack  of  a  fast,  reliable 
repetitive  opening  switch.  A  number  of  techniques  are  being  investigated  for  the  development  of  such 
switches,  e.g.,  electron  beam  controlled  dicharge  devices  and  plasma  erosion  opening  switches. 
Considering  the  free-running  self-pulsed  mode  of  a  single  site  LMES  [1],  there  exist  encouraging 
prospects  for  an  arrayed,  large-area  MILMES  to  be  a  candidate  for  such  a  high  current  opening  switch. 
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Fig.l.  Schematic  sectional  view  of  the  emitter- 
accelerator  configuration  of  the  Cs-MILMIS/ 
MELMES.  (1)  porous  metal  disc;  (2)  emitter 
body;  (3)  cesium  reservoir;  (4)  accelerator 
electrode;  (5)  accelerator  grid. 
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Fig,2.  Schematic  view  of  the  electric  circuit  of  the 
Cs-MILMS/MILMES.  ACC,  accelerator;  E, 
emitter;  CS,  cold  shroud;  C,  high  voltage 
capacitor;  Rs,  low-inductance  shunt;  Ue,  emitter 
voltage;  Uacc,  accelerator  voltage 


Fig.3.  Identical  circular  image  areas  (diameter 
0,5mm)  of  the  porous  emitting  surface  of  the  Cs- 
MILMIS/MILMES.  (a)  Cs  wetted  porous  micro- 
stmcture  without  emission;  artificial  ligth 
exposure,  (b)  Self-luminous  ion  emission  sites 
without  artificial  illumination;  exposure  time  12 
minutes. 
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Abstract 

This  paper  presents  a  review  of  vacuum  arc  facilities  to  be  as  injectors  for  metal  ion 
accelerators.  A  vacuum  arc  in  different  modes:  1).  Arc  current  Iarc-2-50  A,  pulse  duration 
tp=10  ps  to  20  ms;  2).  Iarc-20-100  A,  tp=50-1000  ps;  3).  !„„=! 00-2000  A,  tp-100-2000  ps; 
4).  larc-10-100  kA,  tp=l-10  ps  were  investigated  as  metal  ion  injectors.  The  metal  flows 
generated  by  cathode  spots  are  expanded  for  diameters  of  10-50  cm,  and  then,  or  deposited  on 
the  grounded  target,  or  post  accelerated  between  grids  at  Uaccei-IO-120  kV.  On  the  basis  of 
such  injectors  the  series  of  TAMEK  sources  were  investigated  with  metal  ion  current  from 
Ii>  0. 01  A,  pulse  duration  up  to  20  ms,  up  to  li<5  kA,  tp-1-5  ps. 

Introduction 

Ion  beam  modification  of  metals,  composite  materials,  ceramics,  glass,  polymers  is  used  to 
improve  surface  properties  such  as  wear,  corrosion  and  fiiction  resistance,  hardness,  electrical 
conductivity,  wettability,  etc.,  [1],  In  1984  the  authors  of  Refs.[2-8]  started  to  develop  vacuum 
arc  metal  ion  sources  for  surface  modification  technologies.  The  development  was  made  by 
designing  Technological  Accelerator  of  Metal  Ion  and  Electron  Kit  (TAMEK  soimces)  which 
were  capable  of  generating  both  high-energy  metal  ion  beams  and  low-energy  plasma  fiom  the 
same  cathode  material,  thus  providing  high-dose  (intensive)  metal  ion  implantation  (HDI),  ion 
deposition,  ion  mixing  and  ion  beam  assisted  deposition  (IBAD). 

1.  Versatile  TAMEK  source 

TAMEK  is  a  vapour  vacuum  arc  soimce  of  multiply  charged  ions  (from  Me''"^  up  to  Ta^^^ 
W+6)  emitted  from  any  hard  cold  electroconductive  cathodes  (fig.  1).  The  alternation  of  HDI 
and  low-energy  ion  deposition  (fig.  2a)  was  proposed  [5].  In  the  pulsed  mode  (f<100  Hz)  both 
ion  implantation  at  Ei<200  keV,  Uaccel<100  kV,  the  dose  accumulation  rate  on  the  grounded 

target  dDi/dt<10l6  ion/cm2/imn,  and  deposition  of  the  same  ions  at  Ei<100  eV,  coating  growth 
rate  dH/dt=50-200  nm/min,  are  implemented  during  each  pulse. 

As  the  accelerating  voltage  polarity  is  reversed,  the  source  generates  an  electron  beam  with 
Ee<100  keV,  Ie<5  A. 

Modular  design  of  the  TAMEK  source  (fig.3)  permits  us  to  install  it  on  a  vacuum  chamber. 
It  is  easier  to  adapt  the  TAMEK  sources  for  generation  of  ion  beams  with  the  spot  size  of  2000 
cm2.  For  this  pmpose  it  is  only  necessary  to  replace  the  conical  anode  and  the  extracting  grids 
by  new  ones  of  corresponding  diameter,  as  the  plasma  and  ion  flows  from  the  vacuum  arc 
cathode  grots  are  expanded  forward  at  angles  of  60-120  degrees  for  different  cathode  materials. 
We  have  lengthened  the  electrodes  to  obtain  the  diameter  of  50  cm. 

The  TAMEK  sources  can  efl&ciently  generate  high-melting  metal  (e.g.,  W,  Ta)  ions  which 
are  hardly  available  with  other  types  of  somces.  To  obtain  mixed  ion  beams  we  used  cathodes 
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made  from  alloys  and  composites  such  as  TiB25  TiC,  TiSiC,  TiMoSi,  SiC,  MoS,  CuMoSi, 
CuSiC,  AIBW,  NiCrAlY. 


Fig.  1.  Scheme  of  the  TAMEK  source.  A-anode, 
C-repiaceable  disk  cathodes,  lE-igniting  electrode. 
Cl-  ceramic  insulator,  EE-grid  extracting  electrode. 
Col-grounded  collector. 


Fig.  3.  TAMEK  source  picture.  High-voltage  power 
supplies  and  an  ion  gun  are  located  in  the  space  of 
70x40x25  cm3- 


Fig.  2.  Signals  of  TAMEK  source  operational  modes, 
a),  BAD  mode  with  HDI;  b),  BAD  mode  with 
HPB.  Uacceh  accelerating  voltage;  Iarc»  vacuum  arc 
discharge  current;  li,  ion  current.  Dashed  lines 
indicate  li  and  larc  K)I  mode  without  ion 

deposition. 

Uee~-500  V  EE  Col 


Fig.  4.  Scheme  of  the  source  with  low  current 
vacuum  arc. 


2,  Low  current  millisecond  duration  vacuum  arc  source 

Special  scheme  (fig.  4)  was  proposed  [6]  for  realization  of  both  an  extra  low  current  and 
long  pulse  duration  vacuum  arcs.  This  scheme  automatically  reigmtes  the  arc  for  all  accelerating 
voltage.  A  low  current  vacuum  arc  can  be  produced  with  the  single  emitting  center  in  the 
cathode  spot,  e.g.,  a  sequence  (up  to  20  ms)  of  single  short  pulses  was  generated  at  a  current 
Iarc=2-4  A  for  copper  cathode,  and  Iarc=8-10  A  for  tungsten  cathode.  At  higher  arc  current  the 
source  operates  more  stable  and  generates  low  intensity  metal  ion  beams  of  time  duration 
determined  only  by  the  power  supply  transformers.  Such  low  current  vacuum  arc  mode 
generates  more  highly  stripped  metal  ions  due  to  more  less  de-ionization  of  metal  ions  in  the  low 
density  near  surface  cathode  plasma. 
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3.  TAMEK-M  sources  of  microsecond  duration  high  power  metal  ion  beams 


At  a  high  current  vacuum  arc  it  is  possible  to  use  only  one  discharge  gap  without  triggering 
for  microsecond  dmation  metal  HPIB  generation  [7].  The  direct  capacitance  discharge  (fig.  5)  is 
used  for  metal  plasma  generation  after  ignition  of  Marx  generator. 


Fig.  5.  Scheme  of  TAMEK-M  source. 

Fig.  6.  Typical  pulses  for  TAMEK-M  source  (fig.  5). 


Source  on  fig.  7  uses  Archimedes  spiral  type  path  of  the  anode  -AM  for  creation  of  a 
magnetic  field  for  electron  insulating.  At  the  beginning  of  a  pulse  the  electrode  -AM  has  a 
floating  potential,  that  lead  to  the  surface  flashover  on  the  insulator  -Cl  and  cathode  sports 
formation  on  the  road  part  of  the  anode.  Simultaneously,  the  magnetic  field  fi'om  this  electrode 
increases  the  anode  plasma  ionization.  At  Iarc<100  kA  (fig.  6)  such  sources  generate  metal  ion 
current  Ii<5  kA,  tp=0.5-10  ps.  For  a  shorter  pulse  duration  it  is  difficult  to  achieve  a  low 
inductance  of  a  vacuum  arc  discharge  circuit,  to  take  also  into  account  the  rather  big 
capacitance  which  is  necessary  to  generate  a  high  arc  current.  Upper  limit  for  pulse  duration  is 
restricted  by  necessity  to  adjust  the  accelerating  gap  with  Child-Langmuir  limit  for  the  ion 
current  density  and  closing  the  accelerating  gap  by  an  explosive  cathode  plasma.  Due  to  high 
speed  of  vacuum  arc  anode  plasma  motion  and  its  erosion  during  a  pulse  for  vacumn  arc  ion 
sources  it  is  possible  to  use  accelerating  gaps  up  to  10  cm  Parameters  received:  Uaccei<120  kV, 
Ii<5  kA,  tp=l-5  ps  are  enough  for  successful  metal  surface  modification  with  the  surface  energy 
input  ofdW=0.5-5  J/cm^  [4,9,10,13]. 

In  the  reversed  mode  such  sources  generate  electron  beams  with  current  of  Ie<50  kA. 


4.  Plasma  immersion  metal  ion  implantation 

A  combination  of  conventional  metal  vacuum  arc  PVD  method  and  plasma  immersion 
metal  ion  implantation  (Pin)  are  proposed  [8].  Fig.  8  presents  the  scheme  of  the  combination  of 
PVD  and  PDA.  Unfike  the  other  authors  [11],  we  have  come  to  the  conclusion  that  PVD  and 
surface  modification  by  HPIB  is  a  promising  combination.  We  make  use  of  metal  plasma  density 
of  Dp=10l2-10l3  cm'3  generated  by  a  vacumn  arc  at  Iarc~100'2000  A,  and  a  low  induction 
power  somce  with  Uaccel<60  kV  which  is  periodically  (one  pulse  in  0.5-3  min)  switched  on 
between  the  target  and  the  plasma  source.  HPIB  generation  with  Ii<200  A,  t=l-3  ps  takes  place 
through  alternation  of  HPIB  and  PVD,  and  vice  versa  without  a  time  break  (fig.  2b). 
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generation  of  an  anode  plasma  and  insulated 
magnetic  field. 

Fig.  8.  Scheme  of  the  source  for  combination  of 
PVD  and  metal  PHI  by  a  high  power  metal  ion  beam. 


Conclusions 

This  short  review  has  demonstrated  that  using  unique  properties  of  vacuum  arc  to  generate 
metal  ions  it  is  possible  to  construct  metal  ion  accelerators  with  broad  range  of  parameters. 
Improved  coating  adhesion  with  easy  sample  preparation  and  modular  design  of  the  TAMEK 
somces  make  they  convenient  for  industry  apphcations.  Vacuum  units  can  thus  become  versatile 
and  capable  to  implement  surface  modifications  by  HDI,  IBAD,  HPIB  and  metal  PHI,  or 
electron  irradiation. 

TAMEK  sources  can  be  used  successfully  in  conventional  apphcation  fields  of  ion 
implantation  and  physical  vapour  deposition,  e.g.,  in  textile,  paper,  plastics,  food,  aeronautics 
and  space  industries,  medical  sector,  etc.  As  a  rule,  service  time  of  treated  parts  is  increased  by 
2-15  times,  but  it  is  much  longer  for  parts  whose  service  time  depends  on  corrosion  and  wear 
resistance,  such  as  notching  dies,  disk  milling  cutters,  trimming  knives,  blades  of  aviamotors, 
valves  firom  a  cryogenic  and  other  corcpressors,  relay  and  other  contacts.  The  most  attractive 
examples  here  are  tools  used  for  shaping,  cutting,  and  piercing  of  plastics,  papers,  synthetic 
fibers,  soft  tissues  and  similar  materials  [1,4,9,10,12,13].  So,  it  seems  that  vacuum  arc  sources 
such  as  TAMEK  can  occupy  an  important  position  on  the  technological  market  of  devices  for 
surface  modifications  by  ion,  plasma  and  electron  beams. 
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Abstract 

The  method  of  space-charge  neutralization  of  heavy  ion  beams  with  electron  beam 
pulses  generated  with  electron  guns  incorporating  ferroelectric  cathodes  [1]  has  been 
experimentally  investigated.  Several  experiments  are  described,  the  results  of  which  prove  that 
the  intensity  of  selected  ion  beam  parts  with  defined  charge  states  generated  in  a  laser  ion 
source  can  be  increased  by  one  order  of  magnitude.  For  elevated  charge  states  the  intensity 
amplification  is  more  significant  and  may  reach  a  factor  4  for  highly  charged  ions  from  an  A1 
target. 

Introduction 

A  new  method  of  neutrahzuig  heavy  ion  (HI)  beams  with  pulsed  electron  beams  has 
been  proposed  in  reference  [1].  This  scheme  leads  to  some  sort  of  alternating  gradient  focusing 
of  the  HI  beam  by  the  space-charge  forces  of  the  focusing  electron  pulses  and  the  defocusing 
forces  of  the  HI  space  charge,  when  not  neutralized  by  electrons.  This  papers  gives  a  more 
detailed  experimental  data  complementing  reference  [1]. 

Experimental  Set-up  and  Results 

The  experimental  set-up  consists  of  two  main  parts:  The  electron  gun  and  a  laser-ion- 
source  (LIS).  To  understand  each  component  it 
was  necessary  to  do  the  initial  experiments  in 
separate  set-ups. 

Figure  1  shows  the  electron  gun.  A  ferroelectric 
cathode  (FE)  is  used  as  an  electron  emitting 
source.  It  consists  of  a  PLZT  (lead-lanthanum- 
zii'conium-titanate)  ceramic  disk  with  a  diameter 
of  16  mm  and  a  thickness  of  approximately  0.5 
to  0.8  mm.  On  both  sides  silver  electrodes  are 
screen  printed:  on  the  rear  side  (RE)  a  full  ring 
electrode,  on  the  front  side  an  annular  grid 
electrode  (GE).  In  order  to  excite  electron 
emission  a  fast  negative  voltage  pulse  is  applied 
to  the  RE  whOe  the  GE  is  grounded.  This  causes 
a  fast  spontaneous  polarization  change  which 
leads  to  a  high  charge  density  on  the  free 
surface  of  the  GE  and  electron  emission.  See 
also  [2,3]. 

Figure  1 :  electron  gun 


- 1191  - 


An  electrostatic  lens  for  focusing  the  electron  beam  is  installed  followed  by  an  acceleration 
gap.  To  detect  the  electron  beam  a  metalized  glass  disk  with  a  ZnS  layer  is  used.  For 
measuring  the  emitted  charge 


voltage 
2  k  V  /(I  i  V 


and  current  a  similar  gun  set-up  i — i ^ — i — ^  i  i  i  i  | 

with  a  Faraday-cup  (FC)  above  20m  a/jiv  ■  •  fTY^'  •  ■  ■  ■  • 

the  GE  of  the  sample  is  available.  _ _ 

Figure  2  shows  the  emitted  _ j - \j - 

current  of  a  PLZT  2/95/5  ^  - J - — 

electrode.  The  current  amplitude  2''k'v*/<fiv  -  -‘N  -  -  T7^^=r^~~rr~. 

100  mA,  the  length  of  the  _ 

electron  pulse  is  190  ns  time  ba.se 

(FWHM).  A  high  voltage  pulse  loon.s/div 

with  a  maximum  amplitude  of  ^  ,  t.  •  1  *■  dt  v-r  1.. 

,  .Tar-  Figure  2:  emitted  current  obuuned  trom  a  PLZT  sample 

3. 1  kV  was  applied  to  the  RE. 

The  laser-ion-source  (LIS)  consists  of  a  small  evacuated  expansion  chamber,  an  ion 
acceleration  system  and  a  Nd:YAG  laser.  The  maximum  output  energy  of  the  laser  is  0.8  J 
whilst  the  pulse  length  is  5  ns  (FWHM).  Focusing  the  laser  beam  on  the  target  leads  to  a 

maximum  power  density  ot  6T0*  W/cm  .  All  metals  could  be  used  as  a  taiget.  The 

experiments  which  are  described  below  were  made  with  an  aluminium  target. 


time  b  a  s  e 
2  0  0  n  s  /  cl  i  V 


F*  u  1  s  g  e  a  e  r  a  t  o  r 


Figure  2:  experimental  set-up 


The  main  experimental  set-up  is  shown  in  Fig.  2.  At  expansion  chamber  high  voltage  up  to 
20  kV  can  be  applied.  After  a  drift  distance  of  250  mm  the  plasma  reaches  the  acceleration  gap 
which  consists  of  three  electrodes.  The  first  one  is  connected  to  the  expansion  chamber,  on  the 
second  electrode  a  negative  voltage  between  0  and  -4  kV  could  be  applied  whilst  the  third  one 
is  grounded.  Between  the  acceleration  gap  and  the  electron  gun  is  a  drift  tube  installed.  For 
current  experiments  the  acceleration  gap  ot  the  electron  gun  is  not  installed.  The  installed 
ferroelectric  cathodes  have  a  3  mm  centre  hole  through  which  the  ion  beam  must  pass.  The 
beam  diagnostics  comprise  a  beam  current  transformer  which  is  installed  near  the  ferroelectric 
cathode,  and  an  electrostatic  ion  analy.ser  (EIA).  Either  a  FC  or  a  secondary  electron  multiplier 
(SEM)  could  be  used  for  detecting  the  ions.  A  current  transformer  (BCT)  is  used  to  control 
the  total  current  which  is  leaving  the  LIS  and  for  detecting,  if  there  are  any  breakdowns  in  the 
acceleration  gap. 
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Figure  3  shows  the  field 
distribution  of  the  acceleration 
gap.  It  was  calculated  for  an 
ion  beam  current  of  15  mA 
which  is  leaving  the  target.  One  20 
can  clearly  see  the  blow  up  of 
the  beam  caused  by  the  space  ^ 

charge  of  the  ion  beam.  In  this  0  20  40  60  so  100  120  140  I60  I80 

calculation  a'  neutral  plasma  Figure  3:  extraction  system  field  distribution 

enters  the  acceleration  gap 

from  the  left  side.  On  the  high  voltage  side  (left)  a  potential  of  15  kV  is  applied,  on  the  middle 
electrode  -2.5  kV,  whilst  the  left  electrode  is  at  zero  potential.  The  used  design  is  the  same  as 
the  one  used  in  the  LIS.  The  units  at  the  axis  are  in  arbitrary  units.  The  x-axis  cuts  the 
extraction  system  into  two  halves.  An  aperture  of  12  mm  is  used  for  the  high  voltage  electrode 


and  of  10  mm  for  the  two  other  electrodes. 

Figure  4  shows  a  FC  signal.  During 
these  measurements  the  FC  was 
installed  instead  of  the  EIA  which 
made  it  possible  to  detect  the  total 
ion  current  which  is  passing 
through  the  hole  in  the  FE.  These 
measurements  were  done  without 
space  charge  neutralization.  The 
plotted  ion  current  shows  a 
maximum  amphtude  of  2  mA.  The 
apphed  accelerating  voltage  was 
15  kV.  The  lower  trace  shows  the 
total  current  which  is  leaving  the 
expansion  chamber.  The  maximum  current  is  20  mA  whereas  electrons  which  are  flowing  to 
the  expansion  chamber  have  also  to  be  taken  into  consideration  (approximately  5  to  10%).  The 
noise  at  the  time  zero  is  due  to  the 
laser  switching.  With  the  EIA  installed 
the  different  charge  states  could  be 
well  separated.  Depending  on  the 
amplitude  of  the  voltage  applied  to  the 
deflection  plates  of  the  EIA,  ions  with 
corresponding  energies  were  be 
observed. 

Figure  5  shows  the  SEM  signal  at  an 
ion  energy  of  15.6  keV/z.  This 
experiment  was  made  without  space 
charge  neutrahzation,  too.  On  the  very 
right,  one  can  identify  charge  state  Figure  .5;  time  of  flight  spectrum  for  aluminium  ions, 

plus  one.  Higher  charge  states  arrive  energy:  15.6  keV/z 

earlier  at  the  SEM.  On  the  very  left  of  the  spectrum  the  peak  of  seven  times  charged  aluminium 
ions  is  visible  (see  aiTOw). 

In  figure  6  the  aluminium  +7  energy  distribution  is  shown.  On  the  x-axis  the  time  of  flight 
between  the  target  and  the  SEM  is  printed,  on  the  y-axis  the  measured  pulse  height  in  arbitrary 


ion  beam 
current 
1  III  A  /(I  i  V 


Figure  4:  total  current  (see  text) 
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units.  The  synchronisation  between  laser  pulse  and  electron  beam  pulse  was  adjusted  such,  that 
the  ion  beam  and  the  electron  beam  meet  between  the  last  aperture  of  the  electron  gun  and  the 
grounded  electrode  of  the  acceleration  system.  The  ions  with  the  shortest  time  of  flight  have 
the  highest  energy.  This  was  with  15  kV  extraction  voltage  15.8  keV/z.  The  energy  spread  is 
small,  the  ions  with  the  longest  time  of  flight  have  an  energy  of  15.0  keV/z.  Is  the  electron  gun 
working,  one  can  clearly  identify  an  increase  of  the  total  current  by  a  factor  of  2.  The 
enhancement  of  the  charge  is  given  by  a  factor  4.  An  increase  of  the  current  of  every  charge 
state  could  be  observed  with  this  electron  beam  timing.  In  figure  7  the  enhancement  factors  for 
different  charge  states  of  A1  ions  are  given.  The  enhancement  for  charge  state  plus  one  is  the 
largest  with  a  factor  of  2.5.  The  factors  for  the  charge  states  which  are  not  listed  have  to  be 
confiirned. 


chargestate  7+ 

15.«keV/z  l5.6keV7z  i;(fxt)=15kV 


Figure  6:  pe^ik  of  jiluminium  +7  with  and  without 
space  chtirge  neutralization 
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Figure  7:  enhancement  factor  of  different  chtirge 
states  with  space  charge  neutralization 


Outlook 

The  experimental  results  presented  in  this  paper  are  preliminary.  The  next  steps  to  be 
taken  are  more  quantitative  studies  of  the  neutralization  technique.  These  depend  strongly  on 
parameters,  such  as  electron  beam  intensity,  pulse  length,  beam  shape  at  the  regions  of 
encounter  with  the  ion  beam  part  to  be  neutralized.  Also  synchronization  times  with  the 
extracted  ion  beam,  and  maximum  charge  state  of  the  ion  beam  have  to  be  taken  into 
consideration.  It  is  foreseen  to  do  the  space  charge  neutralization  with  multiple  electron 
bunches  at  different  locations  in  the  complete  system  in  order  to  achieve  an  efficient  and 
stronger  current  enhancement  of  the  highly  charged  ion  beam  [1]. 


[1]  U.  Herleb,  H..  Riege,  Ion  hecim  Neiitralizxttion  with  Ferroelectriccilly  Generated  Electron  Beasins,  talk  0-1- 
8  presented  at  this  Conference. 

[2]  H.Gundel,  H.Riege,  Appl.  Phys.  Lett.  56  (16)  (1990)  1532 

[3]  H.  Riege,  Nucl.  Instrum.  Methods  A  340  (1994)  80 
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Abstract 

The  interaction  of  an  intense  KrF  laser  pulse  with  vapor  clouds  of  different  elemental 
composition  has  been  studied  experimentally.  The  clouds  were  produced  by  evaporation  of  solid 
targets  with  a  ruby  laser.  Ionization  of  the  expanding  clouds  by  a  KrF  laser  was  observed  for  clouds 
containing  tantalum  atoms. 

Photo-resonance  ionization 

Anode  plasma  sources  with  a  specified  elemental  composition  a  required  to  generate 
ion  beams  for  various  applications.  Practically  all  elements  of  the  periodic  table  are  used  in 

industrial  accelerators  and  plasma  ion 
implantators.  The  future  development  of 
ICF  is  also  expected  to  be  based  on  high- 
power  lithium,  boron,  or  carbon  ion 
accelerators  [!]•  A  critical  problem  of 
beam  production  is  the  formation  of  a 
near-anodde  plasma  layer  containing  the 
desired  ions.  However,  for  many  ion 
species  proper  ion  sources  are  too 
complicated  or  not  available.  So  called 
“laser  ion  sources"  generate  a  hot 
plasma  with  multiple-charged  ions,  and 
their  efficiency  is  low.  A  dense  plasma 
of  low  temperature  can  be  produced  by 
the  LIBORS  (Laser  Ionization  Based  On 
Resonance  Saturation)  technique  [2]. 

Briefly,  the  LIBORS  process 
consists  of  several  stages:  generation  of  a 
saturated  population  of  an  atomic 
resonance  transition  by  laser  radiation, 
heating  of  seed  electrons  through  super-elastic  electron-atom  collisions,  collisional  population 
of  the  of  the  upper  levels,  and  eventually,  rapid  ionization  of  the  gas.  Obviously,  such  a  chain 
of  processes  can  occur  only  for  a  sufficiently  high  gas  density.  The  LIBORS  ion  source  based 
on  a  dye-laser  as  the  radiation  source  has  been  used  to  obtain  a  near-anode  lithium  plasma  in 
the  magnetically-insulated  diode  of  the  PBFA-II  accelerator  [3].  However,  this  method  is  not 
universal  (especially  for  repetitive  industrial  ion  sources)  due  to  the  low  robustness  of  dye 
lasers.  Another  serious  problem  is  the  absence  of  dye  lasers  in  the  UV  range,  whereas  the 
resonance  transitions  of  most  elements  lie  in  this  range. 

'  Permanent  address:  G.l.  Budker  Institute  of  Nuclear  Physics,  63090  Novosibirsk,  Russia 
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Fig.  1.  Schematics  of  the  photo-resonance  processes. 
Encircled  e’s  identify  transitions  participating 
in  super-elastic  collisions 
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However  for  a  number  of  elements 
resonance  transitions  do  occasionally 
overlap  with  the  generation  band  of 
excimer  lasers  [4].  These  elements 
(including  As,  Fe,  Pt,  Al,  U,  ...)  can 
be  ionized  by  the  UV-LIBORS  tech¬ 
nique  with  the  use  of  a  robust  repe¬ 
titive  excimer  laser.  An  advantage  of 
this  method  in  comparison  with  the 
conventional  LIBORS  method  is  its 
possibility  of  direct  photo-ionization 
of  an  excited  atom  by  the  excimer 
laser  radiation.  Further  extension  of 
this  technique,  suggested  in  Ref.  [5], 
makes  it  possible,  in  principle,  -  to 
obtain  the  ions  of  every  element  by 
the  production  of  multi-component 
clouds,  containing  the  above  mentio¬ 
ned  elements  as  an  admixture  and  by  using  the  UV-LIBORS  technique  to  ionize  such  clouds. 
During  the  first  stage  a  “resonant”  element  drives  this  process  without  being  changed  itself, 
similar  to  a  catalyst  in  a  chemical  reaction.  Because  of  this  property,  we  call  the  modified 
LIBORS  process  "CATalytic  Resonance  lONization"  (CATRION).  This  term  is  especially 
correct  for  tantalum  (KjrF  laser)  and  uranium  (XeF  laser)  atoms  as  "catalysts",  because  both 
the  atom  and  the  singly-charged  ion  of  these  elements  can  be  excited  with  the  same  laser.  All 
of  the  above  mentioned  processes  are  schematically  shown  in  Fig.  1 . 

Experimental  setup 

The  experiments  have  been  performed  with  the  CATRION  setup  (Fig.  3)  at  Novosibirsk 
State  University.  The  setup  consist  of  a  vacuum  chamber,  three  powerful  laser  systems,  and  a 

variety  of  different  diagnostics.  It 
is  described  in  more  detail  in  Ref. 
[6].  To  form  a  gas  cloud,  a  ruby 
laser  beam  was  focused  onto  a 
mono-  or  multi-component  target 
positioned  in  the  vacuum  chamber. 
The  catalysts  to  be  excited  by  the 
KrF  laser  (Sn,  Fe,  Ta,  Fe-B)  as 
well  as  the  working  atoms  (B,  Ti, 
Mo)  were  constituents  of  the  tar¬ 
gets.  The  experiments  have  shown 
that  there  is  a  range  of  ruby-laser 
intensities  F,  at  which  one  can 
obtain  a  practically  non-ionized 
gas  cloud.  This  range  appears  to  be 
rather  narrow  and  it  is  specific  for 
each  target  composition.  The  vapour  cloud  density,  estimated  from  optical  spectroscopy  and 
from  refractive  index  gradient  (RING)  diagnostics  [6],  depends  on  the  value  of  F  and  can 
become  sufficiently  high  (lO'^-lO**  cm^)  to  enable  gas  ionization  by  thee  LIBORS  process. 
Expansion  velocities  are  close  to  the  expected  thermal  velocities.  A  density  peak  of  the 


Fig.  3  The  CATRION  setup 
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expanding  cloud  moves  away  form  the  target,  probably  due  to  release  of  atoms  from  the 
surface.  The  ratio  of  longitudinal  and  transverse  velocities  varies  from  1  to  2  for  different 
targets  [6].  The  density  of  the  expanding  cloud,  which  has  been  measured  for  titanium  by  a 
resonance  fluorescence  technique,  decreases  extremely  fast  and  the  cloud  front  even  if  the 
cloudless  are  produced  with  a  microsecond  dye  laser.  For  this  reason,  laser-produced  vapor 
layers  seem  to  be  very  promising  for  anode  plasma  production. 

Interaction  of  KrF-laser  radiation  with  the  vapor  clouds 

According  to  Ref  [4,5]  saturation  of  the  resonance  transition  in  a  tantalum  atom 
occurs  at  F  =  150  kW/cm^-nm.  Therefore,  the  intensity  of  the  resonance  radiation  has  to  ex¬ 
ceed  this  value.  The  other  requirement  for  the  LIBORS  process  is  a  high  density  of  the  cloud 
to  provide  during  the  short  KrF  laser  pulse  a  sufficiently  large  number  of  electron-atom  colli¬ 
sions.  In  the  experiments,  the  expanding  vapor  clouds  were  irradiated  with  a  wide  (1  cm  dia.) 
KrF  laser  beam  at  a  maximum  power  density  of  F  =  500  kW/cm^-nm.  Ion  saturation  signals  of 
Langmuir  probes  positioned  at  different  distances  from  the  target,  as  well  as  spectral  line 
intensities,  and  spectral  line  broadening  were  recorded  in  each  shot.  The  luminosity  of  the 
cloud  in  the  visible  range  was  recorded  with  a  streak/framing  camera.  One  can  see  from  Fig.  4 
that  an  evaporated  hot  gas  cloud  radiates  for  about  1-2  ps.  T  his  self-luminosity  of  the  cloud  is 
observed  for  every  target  composition.  According  to  the  Langmuir  probe  measurements,  the 
initial  vapor  cloud  is  a  low-ionized  gas  with  some  thermal  electrons.  These  electrons, 
obviously,  will  play  the  role  of  seed  electrons  in  the  further  evolution  of  photo-resonance 
ionization.  A  continuum  is  observed  in  the  gas  spectrum  during  the  ruby  laser  pulse,  whereas 
later  only  atomic  and  singly-ionized  ion  lines  are  detected.  A  wide  single-peak  pulse  is 
recorded  by  the  Langmuir  probes  [6]. 

When  the  cloud  is  irradiated  with  the  KrF  laser  beam,  the  sequence  of  events  remains 
absolutely  the  same  for  materials  whose  atoms  are  not  resonant  to  the  radiation.  However,  for 
those  clouds  containing  the  catalyst  atoms,  the  performance  changes  dramatically.  Immediate¬ 
ly  after  a  KrF  laser  pulse  the  whole  cloud  flashes  (see  Fig.  4)  and  the  light  decays  after 
100-200  ns. 


Fig.  4.  Framing  camera  photographs  of  the  luminosity  (visible  spectral  range)  of  an  expanding  Ta 
cloud  at  the  KrF  laser  irradiation.  The  frames  were  sweeping  during  the  exposure  time  along  the  target 
surface  (see  the  time  axes).  The  surface  position  is  marked  with  a  light  line.  The  delay  of  the  KrF  laser 
pulse  relative  to  the  ruby  laser  pulse  is  clearly  seen  by  a  glare  "behind"  the  target  (at  the  left). 
Spectroscopic  diagnostics  (in  the  visible  range)  show  the  appearance  of  a  continuum  that 
rapidly  disappears  after  the  laser  pulse.  In  the  UV  range,  intense  lines  from  singly  and  doubly- 
ionized  atoms  are  observed.  An  additional  ion  peak  appears  on  the  falling  slope  of  the 
Langmuir  probe  signal  in  such  situations  (see  ocillograms  in  Ref.  [6]).  The  intensity  of  the 
cloud  flash  decreases  with  increasing  delay  of  the  KrF  laser  pulse,  and  the  flash  does  not 
appear  at  all  for  a  delay  more  than  7  ps.  The  other  signals  also  return  to  their  usual  form.  All 
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data  suggest  that  the  most  probable  explanation  of  the  results  is  UV  photo-resonance 
ionization  by  the  LIBOR  mechanism. 

To  verify  the  results  we  have  performed  0.10  [ruby  laser - 1 - 

measurements  with  a  HeNe-laser  beam  deflecti-  _  \  >  / 

on  (RING)  diagnostics  [7]  for  a  tantalum  cloud  ^  .  .A  _ [ 

irradiated  with  a  KrF  laser  beam.  A  100  ns,  40  '  ' -j 

mJ  KrF  laser  was  used  in  this  experiment.  The  ^  T  '  '  '  ^ 

HeNe  laser  probe  beam  was  focused  by  a  lens  to  «  L^b  las^  I  ^ 

a  spot  of  0.3  mm  diameter  and  transmitted  if  _  ^  i 

parallel  to  the  target  surface  at  a  distance  of  1  c  *  \  1  a  . 

mm.  The  beam  deflection  was  measured  with  a  c  •  "vj 

bi-cell  photodiode  and  a  differential  amplifier.  :§  -  '  ^ 

'The  resulting  oscillograms  (thin  lines)  together  J  .q  1 _  ^  ^ 

with  the  smoothing  curves  (thick  lines)  are  gi-  ■°  q  05  _ ' _ 

ven  in  Fig.  5.  Taking  into  account  that  the  '  _  |  ^=2.5  nS\ 

oscillograms  show  the  dynamics  of  a  refractive  ^  .  ...  •.  A  JAA  ^ 

index  gradient  and  remembering  that  the  refrac-  '  _  /  1  ’ 

tive  index  gradient  is  positive  for  the  electrons  .0.05  —  ^ - , - , 

and  negative  for  the  other  species,  one  can  see  5  6  7  8  9 

that  the  results  confirm  previous  conclusions  time,  microsecond 

about  the  cloud  ionization.  Immediately  after 

begin  of  the  ruby  laser  pulse,  the  negative  de-  ^ig.  5  diagnostics  for  a  Ta  cloud.  The 

^  j.  j  distance  between  the  probe  beam  and  the  target  IS  1 

flection  indicates  the  appearance  of  an  expand-  i3  ^  3 

ing  gas  cloud.  After  a  short  time  interval  a  ther-  I - * 

mally  ionized  component  of  the  cloud  comes  to  the  probe  beam  and  a  short  positive  peak 

superposes  on  the  negative  one.  The  next  positive  peak  is  observed  after  begin  of  the  KrF 

laser  pulse  and  corresponds  to  the  photo-resonance  gas  ionization.  The  signal  is  maximum 

(maximum  gradient)  for  a  delay  of  the  KrF  laser  pulse  close  to  1 .5  ps.  The  low  value  of  the 

signal  at  later  times  can  be  interpreted  as  the  arrival  of  the  maximum  cloud  density  (zero 

gradient)  at  the  probe  beam. 
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Fig.  5  RING  diagnostics  for  a  Ta  cloud.  The 
distance  between  the  probe  beam  and  the  target  is  1 
mm.  The  beam  diameter  is  0.3  mm 
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Abstract 

We  discuss  the  problem  of  the  magnetic  field  penetration  into  a  plasma  and  plasma 
acceleration  by  a  magnetic  field  in  the  particular  case  of  the  Plasma  Opening  Switch.  Resent 
experiments  lead  to  the  formulation  of  a  new  type  of  shocks,  the  Hall  plasma  shock-waves,  and 
a  basic  description  of  such  shock-waves  is  given.  The  discussion  presented  in  this  paper  allows 
simple  estimation  of  the  POS  conduction  time  and  new  estimation  of  the  opening  time. 


Introduction 

Physics  of  the  Plasma  Opening  Switch  (POS)  [1]  is  being  studied  intensively  today.  The 
POS  phenomenon  consists  of  an  abrupt  increase  of  the  plasma  resistance  at  the  end  of  the  time 
tc.  This  allows  penetration  of  the  current  into  the  load  region  during  the  times  ts  «  tc-  At 
plasma  densities  of  ni  ~  10^5- 10^6  cm'^  the  magnetic  field  from  the  generator  current 
propagates  throughout  the  injection  region  during  tc  =  0.5-1  ps  ("ps  regime").  In  classical 
statement  of  .the  problem,  the  rapidly  rising  magnetic  field  generates  shock-waves  and 
accelerates  the  plasma  in  the  POS. 

For  a  weakly-collisional  plasma  the  theory  of  strong  MHD  shock-waves  was  developed 
earlier  by  Sagdeev  [2]  and  experimental  research  of  the  phenomenon  was  actively  carried  out  in 

60-70-s  specifically  in  the  0-pinch  geometry  [3].  Later  it  was  shown  that  for  small-scale 


(A  <  6i,  A  denotes  the  characteristic  plasma  size,  6i  =  c/copi  is  the  collisionless  ion  skin- 


depth)  short-duration  (t  <  ©ci"')  processes  the  plasma  dynamics  had  to  be  described  in  frames 
of  the  MHD  with  the  Hall  term  [4].  Earlier  publications  from  the  Kurchatov  Institute 
demonstrated  a  possibility  of  existence  of  another  type  of  shock-waves,  when  the  magnetic  field 
could  penetrate  the  plasma  with  the  velocities  substantially  higher  than  the  Alfv^en  velocity,  va 
[5].  In  the  framework  of  this  approach  the  ions  are  considered  to  be  stationary  and  the  equation 
of  frozenness  of  the  magnetic  field  into  electron  fluid  is 


^  =  rot[Ve,B]  +  DAB 
oi 


(1) 


where  Ve  =  -cxrotB/47ien.  If  one  introduce  a  current  as  I  =  crB/2,  Eqn.  (I)  can  be 
rewritten  in  cylindrical  geometry  as  follows 
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and  has  a  shock-wave  solution  (the  KMC-shock)  with  the  velocity  which  was  found  first  in  [6] 


Uf=-f^r2Vr(-L)  (3) 

oTlC  jlj-2 

This  approach,  which  is  commonly  called  now  Electron  Magnetohydrodynamics  (EMH) 
[7]  should  be  used  for  description  of  the  plasma  dynamics  in  POS  [8],  Z-pinches  [9-11], 
semiconductors  [12],  or,  for  example,  in  magnetosphere  [13]. 


Formation  of  the  Hall  MHD  shock-wave 

The  density  shock  observed  in  the  experiment  [14]  had  a  wedge-like  shape  instead  of 
being  a  plow-shaped  as  predicted  by  the  "pure"  MHD  consideration  (va  was  a  monotonic 
function  with  the  maximum  at  the  cathode).  In  addition,  instead  of  being  behind,  the  magnetic 
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field  traveled  ahead  of  the  plasma  density  perturbation.  The  fastest  plasma  density  jump 
propagation  with  the  velocity  ~  10’^  cm/s  was  registered  almost  in  the  midgap,  the  shock  front 

width  being  of  the  order  of  6f  ~  1  cm.  Typical  value  of  the  plasma  density  increase  over  the 
initial  value  was  measured  to  be  ni/no  =  2-3.  Interesting  peculiarity  of  this  experiment  was 
simultaneous  existence  of  three  regions  in  the  interelectrode  gap,  MHD,  EMH,  and  the 
intermediate  one  (see  Fig.  5  in  [14]).  The  conduction  phase  was  controlled  by  the  region  with 
va  ~  Uf. 

The  KMC  solution  (3)  exists  if  va  <  Uf.  In  the  "pure"  EMH,  va  «  Uf,  the  magnetic 
field  shock  occurs  on  the  background  of  motionless  ions  and  the  density  jump  is  absent  [5].  At 
the  same  time  the  ions  can  be  accelerated  at  the  front  of  the  ma^etic  field  shock  wave  [15, 16]. 
One  can  estimate  the  change  of  the  ion  momentum  and  ion  density  as  follows 

n«Mvi.v(^)|  (4) 


ni-np 

ni 


Uf 


(5) 


where  6f  is  the  width  of  the  shock  front,  no  and  ni  are  the  ion  densities  in  front  of,  and  behind 


the  shock  respectively.  As  V  ~  l/5f,  the  ion  velocity  is  of  the  order  of 

'  2uf  ,  (6) 

It  is  important  that  both  va  and  Uf  are  determined  by  the  initial  plasma  density.  Eqn.  (5, 
6)  yield  both  spatial  profile  and  the  maximum  value  of  vi  close  to  that  in  the  discussed 
experiment.  The  force  affecting  the  ions  can  be  ascribed,  in  fact,  to  the  electric  field  of  charge 
separation  which  arises  at  the  penetration  front  (Hall  field).  Important  feature  of  this  ion 
acceleration  process  is  that  EMH  requirements  are  still  satisfied  at  the  penetration  front 
(ve  >  Uf,  »  Vi).  Therefore,  the  width  of  the  shock  front  and  its  spatial  profile  may  be 
determined  in  the  EMH  framework.  For  example,  the  magnetic  field  front  widening  due  to  the 

electron-ion  friction  [5]  can  be  found  using  the  Spitzer  conductivity,  asp 


gsp  _ 

^  4Ti:aspUf  (7) 


Fig.  1.  Qualitative  ID  picture  of  the  magnetic  field  and  plasma  density  profiles  in  the  Hall  shock-wave. 

Magnetic  field  is  ahead  of  the  piston  (uf  >  v,). 

Fig.  2.  Qualitative  2D  presentation  of  the  current  flowing  in  the  experimental  geometry  [14].  A  -  anode,  C  - 
cathode.  Prohibited  (Vnr^  <  0)  and  allowed  (Vnr^  >  0)  for  penetration  regions  are  showed. 


It  is  possible  to  distinguish  this  phenomenon  from  both  EMH  and  MHD  shocks  and  to 
define  it  as  a  Hall-effect-driven  density  shock,  or  Hall  shock-wave  (HSW).  The  magnetic  field 
evolution  in  the  HSW  is  substantially  faster  than  the  ion  motion  at  the  leading  edge  of  the 
penetration.  In  its  turn,  the  ion  motion  is  not  negligible  behind  the  front  of  the  magnetic  field 
shock  and  is  responsible  for  the  plasma  density  dynamics. 
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Eqn.  (2)  predicts  that  a  stationary  quasineutral  current  flow  without  dissipation 

conserves  the  so-called  Hall  potential,  Uh  =  B^/Srien.  Therefore,  in  a  non-stationary  case  and 
cylindrical  geometry  the  magnetic  field  can  penetrate  initially  only  the  plasma  region  where 

Vnr^  >  0.  Let  us  give  an  illustration  of  electron  trajectories  for  the  experiment  in  Ref  [14].  In 
the  experiment  under  consideration  the  measured  plasma  density  does  not  changes  as  fast  as 
l/r^  at  a  given  cross-section  of  the  plasma  column.  Fig.  2.  Due  to  the  curvature  of  the  magnetic 
field  lines  electron  trajectories  along  the  cathode  correspond  to  Vnr^  <  0  and  are  prohibited. 
Therefore,  electrons  would  choose  a  path  which  is  inclined  to  the  normal  of  the  cathode  in  order 
not  to  enter  the  prohibited  region. 

Theoretical  scalings  of  the  conduction  and  opening  times 

Successful  operation  of  an  inductive  storage  generator  depends  on  the  POS  coupling 
with  the  primary  energy  storage  on  one  hand  (tc)  and  with  the  load  on  the  other  hand  (ts)  [1]. 
The  table  compares  characteristics  of  high-density  plasma  switches  in  those  experiments  where 
the  initial  plasma  density  was  known. 


POS 

HY-Tech 

[18] 

EYESS 

[19] 

SINAPS-500 

[20] 

Hawk 

[21] 

GIT-8 

[22] 

ACE-4 

[23] 

Imax  (MA) 

0.13 

0.5 

0.5 

0.7 

1.6 

2 

r  (cm) 

2 

12 

4 

6.5 

8 

6 

Aak  (cm) 

2.5 

5 

2.7 

2.5 

3 

2 

Lp  (cm) 

5 

17 

17 

8 

15 

20 

ne  (cm-3) 

5x1015 

4x1013 

1.2x1015 

5x1015 

2.3x1015 

4x1015 

Zeff 

2 

2 

1 

2 

1 

1 

tc^^P  (ps) 

0.7 

0.5 

1 

0.9 

0.75 

1 

tc  (ps),  Eqn.  (8) 

0.87 

0.41 

1.06 

0.84 

0.81 

0.86 

ts^xp  (ns) 

100 

120 

100 

50 

100 

50 

ts  (ns),  Eqn.  (9) 

96 

161 

100 

58 

65 

38 

Conduction  time  we  evaluate  here  as  a  time  of  the  piston  displacement  during  the  HSW 
propagation  along  the  plasma  length,  Lp,  given  by  Eqn.  (6)  in  the  limiting  case  vj  ~  uf.  This 
corresponds  to  Vj  ~  va/VT  and  yields 


6.5xlO->'^/iiH[  (8) 

^max 

where  va  =  va®^^/2  is  calculated  with  initial  ni  and  is  roughly  averaged  over  the  conduction 
time.  We  used  CGS  units,  except  Imax  is  in  Amperes;  r  is  the  radius  of  the  opening  and  p  =  12 
for  a  carbon  plasma.  The  radius  r  is  taken  as  a  radius  of  the  local  interelectrode  maximum  of 
VA(r). 

Therefore,  the  approach  presented  in  this  paper  suggests  the  following  scenario  of  the 

high-density  POS  dynamics,  i.e.  when  initially  Lp  >  6i.  The  shock-wave  piston  (6)  propagates 
locally  along  the  z-axis  and  pushes  the  plasma  towards  the  electrodes.  At  the  end  of  the 
conduction  time,  when  the  plasma  length  which  remains  ahead  the  leading  edge  of  the  piston  is 

small,  Az  <  c/copi,  the  magnetic  field  starts  to  penetrate  rapidly  in  front  of  the  plasma  piston 
and  arrives  to  the  load.  The  characteristic  time  of  this  process  can  be  estimated  by  putting 

Vr  ~  l/5i  in  Eqn.  (3) 
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h 


1.1x10 


-3  |£_ 

ZI 


r 

ma.x 


(9) 


where  Z  denotes  the  ion  charge  which  is  not  experimentally  determined  and  represents  the  only 
free  parameter.  For  the  minimum  time  of  the  C''"^2+  ionization,  when  <aiVe>max  ~  10^  cm^/s 
[17],  one  can  find  xj  ~  (ni^OiVe^)'^  ~  50  ns  <  tg.  This  means  that  we  are  indeed  in  the 
frontier  situation,  and  Z  =  1  or  Z  =  2  may  be  chosen  (see  the  table). 


Conclusion  ,  c 

One  should  note  that  tg  given  by  Ecjn.  (9)  can  be  less  than  the  experimental  rise-time  or 

the  load  current,  tg^^P,  because  of  the  decay  in  a  real  inductive  load.  Then,  a  better  estimate  of  Uf 

requires  more  information  on  the  plasma  density  ^adient  function,  Vi-(no).  With  this  remarque, 
one  can  see  a  good  agreement  with  the  experiment  for  all  the  considered  microsecond- 
conduction-time  plasma  switches.  Finally,  in  this  work  we  pointed  out  some  new  important 
features  of  the  Hall  shock-wave  formation  in  POS  plasmas.  The  model  allows  better 
understanding  of  the  experiment  [14],  as  well  as  of  some  other  experiments  with  higlvden^ty 
POS.  This  work  is  partially  supported  by  DRET  under  the  contract  #92.134  and  by  ETCA/CEG 
under  the  contract  #420/1 15/01. 
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Abstract 

High-current  Plasma  Opening  Switch  was  experimentally  studied  on  GIT- 8  inductive 
generator.  Cordial  laser  interferometry  allowed  to  register  the  line-integrated  POS  plasma 
density  dynamics  during  the  switch  operation.  Recording  of  the  axially  distributed 
Bremsstrahlung  radiation  from  the  plasma  region  was  used  to  determine  the  axial  position 
where  the  opening  started.  New  experimental  result  was  the  registration  of  fast  plasma  density 

oscillations  with  the  characteristic  frequency  of  co  ~  5x10^-10^  rad/s  prior  and  during  the 
opening.  Special  study  confirmed  these  oscillations  to  appear  due  to  a  plasma  process.  The 

oscillation  frequency  depended  on  the  mean  electron  density  as  co  ~  ng"^-^. 

Experimental  setup 

The  GIT-8  Plasma  Opening  Switch  (POS)  is  capable  to  operate  at  the  conduction  current 
as  high  as  5  MA  [1].  In  the  described  series  of  experiments  the  switch  was  operating  at  2  MA 
current  with  the  conduction  and  opening  times  of  1  ps  and  100-150  ns  accordingly.  GIT-8 
primary  energy  storage  consisted  of  72  oil-insulated  small  Marxes  combined  in  8  modular  Marx 
tanks.  Total  erected  capacitance  of  the  system  was  9.6  pF.  At  40  kV  charging  voltage  (1.1  MJ 
total  stored  energy)  the  Marxes  provided  a  480  kV  peak  voltage,  3  MA  peak  current  pulse  into 
the  storage  inductance  and  POS.  The  plasma  injection  section  of  GIT-8  is  shown  schematically 
in  Fig.  1.  This  section  represented  a  coaxial  vacuum  line  with  the  anode  and  cathode  radii  of  10 
cm  and  8  cm  respectively  (200/160  configuration).  The  plasma  was  injected  by  32  cable  plasma 
guns  in  axial  direction  towards  the  generator.  The  plasma  gun  power  supply  consisted  of  4 
capacitors  (3  pF,  16  guns/cap)  charged  up  to  40  kV.  The  capacitors  provided  approximately 
10  kA  peak  current  in  each  gun  with  the  time  period  of  4.7  ps.  The  load  represented  a  short- 
circuit  with  the  inductance  of  about  50  nH. 


Fig.  1.  GIT-8  POS  region  with  the  position  of  the  diagnostic  window  and  of  one  of  the  X-ray  diodes  (PIN). 

Plasma  density  was  measured  with  the  help  of  interferometer  described  in  [2].  The 
scene  beam  crossed  from  shot  to  shot  the  GIT-8  POS  plasma  along  different  chords  at  28  mm 

fi-om  the  plasma  injection  plane  and  at  different  radial  positions  of  the  diagnostic  window,  A  =  r 
-  rc  (see  Fig.  1).  The  interelectrode  gap  was  equal  to  3  cm  at  this  plasma  axial  cross-section. 
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The  time  delay  between  the  guns  firing  and  the  generator  shot,  x,  was  chosen  to  be  3.5  |us. 
Statistical  dispersion  around  this  fixed  value  provided  some  variation  of  the  initial  POS  plasma 
density.  A  60  mW  He-Ne  laser  with  the  instability  of  the  beam  power  <  1%  allowed  to  measure 

the  minimum  linear  plasma  densities  of  approximately  5x10^^  cm'^.  Spatial  and  temporal 
resolutions  were  better  than  2  mm  and  20  ns  accordingly.  At  each  beam  position  the  initial 
plasma  density  was  evaluated  for  2-3  guns  firing  without  pulsed-power.  Separate  series  with 
pulsed-power  was  dedicated  to  investigation  and  elimination  of  the  following  possible  sources 
of  noise:  plasma  luminosity,  electromagnetic  noise,  electro-optical  effect  [3],  fluorescence  in 
fiber  optics,  influence  of  high-energy  quanta  on  the  photodiode  signal.  Consequent 
modifications  of  the  optical  scheme  excluded  all  the  above-listed  sources  of  non-plasma 
contribution  to  the  measured  signal.  Refraction  effect  which  also  could  influence  our  plasma 
density  measurements  was  studied  according  to  the  following  procedure.  The  probe  beam 
passed  through  the  plasma  and  hit  the  optical  fiber  (see  Ref  [2])  without  recombination  with 
the  reference  beam.  The  fiber  input  was  collimated  with  a  400  p  diameter  pin-hole,  (Fig.  2a). 


POS  plasma 


Fig.  2.  (a)  measurements  of  the  probe  beam  deflection  angle  in  the  plasma,  (b)  determination  of  the  laser  beam 

profile  for  the  density  gradient  estimation. 


Before  each  shot  the  beam  intensity  profile  was  determined  by  displacing  the  registration 
cell  in  two  directions  corresponding  to  axial  or  radial  plasma  density  gradients.  The  result  of 
such  calibration  is  represented  in  Fig.  2b.  After  this  simple  procedure  the  piri-hole  was  installed 
on  the  slope  (axial  and  radial)  of  the  intensity  distribution,  where  a  sensitivity  to  the  beam 
deviation  was  maximum.  Mechanical  vibrations  did  not  infringe  considerably  the  initial 

adjustment.  The  average  value  of  the  electron  density  gradient,  <dne/5^>,  over  the  optical  path 

in  the  plasma  length,  Lp,  is  connected  with  the  beam  deviation  angle,  fi  «  5^/Lo,  by  the 
following  formula  [4]: 

^  =  -  2.80x102'^ 

Lp 

for  =  633  nm  and  we  took  into  account  the  double  laser  beam  path  through  the  plasma. 
Therefore,  the  "false"  linear  plasma  density  induced  into  the  signal  due  to  the  refraction  effect 
can  be  estimated  as  follows 

<neLp>r  «  2.8x102'  p^Lo  (2) 

where  Lq  »  300  cm  in  our  experiment. 

Bremsstrahlung  radiation  produced  by  fast  electron  leakages  during  the  POS  operation 
was  registered  with  the  help  of  8  X-ray  diodes.  These  detectors  were  installed  at  different  axial 
positions  along  the  injection  and  downstream  regions,  perpendicularly  to  the  generator  axis  (see 

Fig.  1).  They  were  collimated  on  approximately  5x5  cm2  of  the  anode  surface  and  were 
sensitive  to  the  photon  energies  above  200  keV. 
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Experimental  results 

Typical  time  history  of  the  line  integrated  density  during  the  POS  operation  is  shown  in 
Fig.  3  (a,  b).  Estimated  plasma  length  (assuming  cylindrical  symmetry),  Lp,  was  approximately 
8  cm  for  both  radial  beam  positions  of  this  figure.  Until  the  current  starts  to  flow  through  the 
plasma  channel  and  during  300-500  ns  after  the  upstream  current  beginning,  the  line-integrated 
plasma  density,  <neLp>,  follows  the  one  measured  during  the  gun  firing  only  with  the  accuracy 
better  than  30%.  Then,  the  density  increases  over  the  guns-only  density  (region  1  in  Fig.  3a) 
and  drops  abruptly  (region  2).  This  fact  can  be  an  indication  of  the  passage  of  a  shock-wave 
through  the  point  of  measurements  [5].  Then,  the  linear  plasma  density  rests  almost  at  the  same 
level  as  when  the  upstream  current  starts.  It  worth  noting  that  the  time  interval  between  Iq 
beginning  and  the  density  drop  was  practically  the  same  for  all  radial  positions  of  the  beam,  i.e. 
the  shock  process  front  was  almost  plane.  The  most  interesting  peculiarity  of  the  plasma  density 

behavior  was  an  appearance  of  fast  density  oscillations  with  the  characteristic  frequency  co  ~ 

5x10^-10^  rad/s,  prior  and  during  the  opening  (region  3).  These  oscillations  were  typical  for 

shots  with  T  =  3.5  ps,  at  practically  all  radial  position  in  the  first  window.  One  should  also  note 
that  the  amplitude  of  these  oscillations  was  weaker  near  the  electrodes.  Fig.  3b  allows 
estimation  of  the  refraction  effect  contribution  in  the  plasma  density  measurements.  The  same 
fast  oscillations  are  seen  in  this  shot.  All  the  other  physical  sources  of  noise  provided  finally 
negligible  signal  with  respect  to  the  interferometer  response.  The  measured  deviation  of  the 
scene  beam  was  deduced  into  a  "false"  line  density  upon  Eqns.  (1,  2).  Fig.  3b  convincingly 
shows  that  the  density  gradient  could  interfere  the  useful  signal  only  during  and  after  the 
opening  and  that  the  earlier  fast  oscillations  were  produced  by  a  real  plasma  process.  The  effect 
of  the  fast  gradient  increase  can  be  explained  by  disruption  of  the  plasma  during  the  opening. 


Fig.  3.  (a)  Typical  plasma  density  behavior  at  A  =  21.5  mm  with  the  GIT-8  current  (gl  1)  and  during  the  plasma 
guns  firing  only  (p24).  R  denotes  the  POS  resistance  estimated  as  V/(Io-Iioad);  (b)  comparison  of  the  measured 
line  plasma  density  at  A  =  6.5  mm  with  a  "false"  line  density  (bold  curve)  induced  by  refraction  in  the  plasma. 
Interferometer  and  refractometer  shots  were  identical  within  10%  for  tc,  tg,  Iq  and  head  amplitudes,  and  they  were 

synchronized  with  respect  to  the  load  current  start. 

The  timing  of  X-ray  radiation  showed  that  the  earliest  X-ray  arrival  corresponded  to  the 
same  axial  position  as  where  the  line-integrated  plasma  density  measurements  were 
accomplished.  Then  the  radiation  propagated  both  towards  the  generator  (with  small  amplitudes 
of  the  signals)  and  to  the  load  ("strong"  X-ray  production).  Later  "strong"  X-ray  source 
displacement  towards  the  load  represented  most  probably  an  electron  leakages  limiting  the  final 
effective  POS  impedance  [6].  On  the  other  hand,  simultaneous  signal  displacement  backward  to 
the  generator  could  correspond  to  the  residual  electron  current  at  established  high  POS  voltage. 
Therefore,  it  is  reasonable  to  suppose  that  the  opening  process  (first  appearance  of  the  local 
POS  impedance)  did  start  in  the  region  of  the  plasma  density  measurements  and  that  the 
registered  fast  oscillation  reflected  some  feature  characterizing  the  opening  process. 
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Statistical  dispersion  of  the  delay  x  did  not  allow  direct  shot-to-shot  comparison  and 
further  reconstruction  of  the  radial  plasma  density  profile.  However,  one  can  estimate  some 
mean  plasma  density  along  each  chord  as  ng  =  <neLp>/Lp.  Here  ne  denotes  the  averaged 
plasma  density  at  the  moment  of  time  when  it  becomes  to  differ  from  the  plasma  guns  only 
density.  Fig.  4  demonstrates  that  the  registered  plasma  oscillations  strongly  depend  on  the  mean 
density.  The  function  which  fits  the  experimental  data  with  the  minimum  absolute  dispersion  is 

approximately  ®  ~  ne'^-^.  Most  probably,  the  measured  oscillations  were  a  result  of 
hydrodynamic  plasma  instability  having  characteristic  frequency  equal  to  va^X,  where  va  is  the 
Alfven  velocity,  and  the  instability  wavelength  X  ~  0.5  cm  yields  already  an  absolute  value  of 


Fig.  4  Fig.  5 

Fig.  4.  Variation  of  the  measured  plasma  density  oscillation  frequency  with  the  averaged  plasma  density. 
Fig.  5.  Dependence  of  the  conduction  time  on  the  averaged  plasma  density. 


It  is  interesting  to  compare  existing  scalings  of  the  conduction  time  with  those  obtained 
in  the  described  experiment.  In  the  most  part  of  approaches  theoretical  relations  predict  the 
dependence  tc  "  (see,  e.g.,  Refs.  [3,  7]).  Fig.  5  summarizes  statistics  of  the  experirnental 
data.  It  is  seen  that  the  power  of  the  fitting  function  correlates  well  with  the  theoretically 
predicted  coefficient. 

Conclusion  ^  . 

The  main  result  of  the  described  experiment  is  the  observation  of  the  fast  plasma  density 
oscillations  in  the  Plasma  Opening  Switch  prior  to  the  current  interruption.  These  oscillations 
were  proved  to  be  a  result  of  some  plasma  process,  presumably  MHD  macro-instability  of  the 
plasma.  The  instability  can  result  in  plasma  inhomogeneities  formation  at  the  end  of  the 
conduction  phase.  The  frequency  of  the  plasma  oscillations  was  found  to  depend  on  the  mean 

density  in  the  interelectrode  gap  as  ou  ~  ne"^-^.  This  work  is  partially  supported  by  DRET  under 
the  contract  #92. 1 34  and  by  ETCA/CEG  under  the  contract  #420/1 1 5/0 1 . 
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Abstract 

Experimental  studies  and  modelling  together  with  analytical  consideration  of  the 
plasma  opening  switch  (POS)  anomalous  resistivity  are  being  pursued  to  improve  the 
understanding  of  the  physical  mechanism  of  the  POS  conduction  phase.  Experiments 
have  been  undertaken  for  a  "microsecond"  POS  of  coaxial  geometry.  Measurements  of 
Stark  broadening  of  Ha  line  allowed  to  find  turbulent  oscillations  in  plasma  at  the  stage 
of  conductivity.  A  comparison  with  the  modelling  including  low-frequency  (ion- 
acoustic)  turbulence  and  Doppler  broadening  (neutral  gas  temperature  1-3  eV)  allowed 
to  estimate  the  value  of  electric  field  10-30  kV/cm.  The  turbulent  field  increased  toward 
the  cathode  up  to  50  kV/cm  in  the  near-cathode  layer. 

Introduction 

In  the  paper  authors  point  out  the  well  known  effects  of  anomalous  resistivity  of 
plasma  and  turbulent  heating  [1-3]  to  be  applicable  to  POS  performance  and  which,  it 
seems,  are  being  beyond  the  discussion  on  POS  performance  mechanism. 

Considering  theoretical  models  to  be  adequate  reflection  of  POS  dynamics  a  special 
attention  sho.uld  be  paid  on  electron  magneto  hydrodynamics  (EHD,  [4],  [5]).  First  the 
basic  effect  -  a  convective  wave  of  magnetic  field  -  has  been  registered  experimentally 
[6].  Second,  the  effective  POS  impedance  [7]  is  in  the  correspondence  with  EHD 
predictions.  Third,  as  shown  in  [8],  [9],  EHD  explains  the  one  of  the  most  important 
effects  in  the  POS  -  charge  limit  for  charge  comes  through  the  POS  up  to  the  switching 
moment  [10]. 

This  correspondence  it  seemed  constitutes  an  opportunity  to  make  a  correct  scaling 
when  bringing  the  existing  results  to  the  machines  sufficiently  larger  scale.  We  want  to 
point  out  that  this  similarity  (both  in  theory  and  experiment)  could  be  violated  if  not 
considering  a  new  effect  playing  a  sufficient  role  -  anomalous  resistivity. 


Anomalous  resistivity. 

The  possibility  of  anomalous  resistivity  to  be  a  key  effect  in  POS  dynamics  is 
shown  in  [11].  Resistive  effects  are  important  if  the  typical  scale  of  the  electron  flow 

mc^ 

(field  distribution)  exceeds  the  geometric  scale  of  the  device  a,  i.e.  a  < - r^^ ,  where 


rDe-(T/4me^y^  -  Debye  radius.  For  example  for  T=10  eV,  n=10'^  cm-^,  we  get  n<30 
cm,  which  is  not  a  straight  limit  at  all.  The  value  of  anomalous  resistivity  for 
experimental  conditions  can  be  estimated  using  Sagdeev  formula  for  conductivity  ; 

cygf=-( 471)'^ cOpgV f/u]  having  ^  K/-  tiT/W,  W=eJ/4/c,  we  obtain 

a  =  (47re  /m)^(ri^T/EJ). 

For  E=10  kV/cm  and  typical  POS  dimensions:  width  along  the  axis  10  cm, 
interelectrode  gap  12.5  cm,  we  obtain  R  ~  1  Ohm.  This  corresponds  with  experimental 
estimates  [7]  giving  0. 2-0.4  Ohm  at  a  conduction  phase. 
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Experimental  data  and  low-frequency  turbulence  estimation. 

Experimental  determination  of  low-frequency  electric  field  strength  and  turbulence 
degree  of  POS  plasma  using  Stark  broadening  of  Ha  line  is  a  continuation  of  early 
experiments  [12].  Experimental  data  were  obtained  at  “Taina”  pulsed  power  generator 
[7]  for  current  pulse  amplitude  200  kA  with  2.0  ps  quarter  period.  Plasma  guns  for  POS 
were  made  as  36  spark  gaps  placed  at  the  circle  30  cm  diameter  with  the  inner  electrode 
(cathode)  diameter  5  cm.  The  radial  gap  is  greater  than  longitudinal  dimension  used  by 
spark  gaps  which  is  different  from  those  used  in  another  POS  diagnostic  experiments 
[13]  but  is  characteristic  for  experiments  with  high  voltage  multiplication. 

Crossed  dispersion  scheme  [12]  ( spectrograph  with  Fabri-Perot  interferometer)  was 
used  for  observation  with  a  subsequent  registration  using  streak  camera.  Such  a  scheme 
allowed  to  gather  information  with  spectral  resolution  in  a  direction  perpendicular  to 
the  streak  direction.  Each  part  of  the  spectral  line  is  formed  by  the  light  come  from 
some  part  of  the  POS  interelectrode  gap.  The  resolution  for  the  experiment  is  -  0.4  A, 
and-  10  ns.  Observing  line  contours  one  can  suppose  that  their  formation  was 
determined  due  to  Stark  effect  as  broadening  takes  1-3  A,  at  the  same  time  Zeeman 
broadening  due  to  drive  current  magnetic  field  could  not  exceed  0.2  A. 

The  characteristic  line  contours  can  be  divided  into  three  types  (with  space  and 
time  ranges  as  shown  at  FIG.  lb): 

1  -  relatively  narrow  contour  with  wings  was  found  at  500-600  ns  after  drive  current 
beginning  at  the  centre  of  POS  and  near  the  anode;  it  was  observed  within  400-500  ns. 

2  -  broken  contour  with  several  equidistant  peaks  was  observed  near  the  anode  at 
the  switching  moment. 

3-  contour  with  2  satellite  symmetrically  placed  peaks  at  the  middle  of  the  gap  and 
near  anode  was  found  at  900-1100  ns  after  current  beginning;  it  was  observed  within 


300-400  ns. 

This  contours  testify  of  presence  of  quasistatic,  high-frequency  and  quasi-constant 
electric  fields  correspondingly.  In  this  paper  we  consider  type  1  contours  which  could  be 
provoked  by  low-frequency  oscillations  in  the  plasma.  Line  contour  (FIG.2)  is  formed 
by  the  light  from  approx.  2.5  cm  of  interelectrode  gap.  One  can  suggest  that  this  form 
is  provoked  by  a  combination  of  Doppler  and  low-frequency  turbulence  effects.  The 
simulation  of  the  profile  was  fulfilled  using  approach  from  [14].  Supposed  that 
turbulent  field  distribution  is  isotropic  and  could  be  approximated  by  Gauss  function 
with  square  mean  of  turbulent  electric  field  strength  Eo.  Holzmark  broadening  is 
suggested  negligible.  Besides  that  a  sufficient  Doppler  broadening  could  be  observed 
which  could  be  estimated  as:  I(a))=Ioexp{-(A®/Acc)D)^},  where  A®d=®oVt/c, 
VT=(2kT/M)'''2,  for  Maxwell  distribution  only.  The  resulting  intensity  is: 

\  2 

l{co)  =  loi  •  exp 


CO-COQ 
V  IS.COD  ) 


+00, 


fyi-  <yo 

sgEo  J 


>dm 


loi  = _ ^  I02  =  - and  \\{co)do)=\^  where  ,  psa  -  weight  of  Stark 

3^f^-Ao}D’  dK-AcjD 

component,  s  -  its  number  ( for  Ha  line  -8<s<8),  Ao=®-®o,  g=3eao/2h,  ao  -  Bohr  radius. 

This  equation  was  used  to  obtain  model  line  profile  (FIG. 3).  Comparing  with 
experimental  profile  it  is  possible  to  estimate  the  filed  strength  as  10-30  kV/cm  near  the 
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FIG.l  (a)  upstream  current  for 
“Taina”  shot;  (b)  a  scheme  of 
spectrogram  streak  of  line 
luminescence  (3  interference 
orders);  darkening  is 
proportional  to  intensity, 
anode-cathode  gap  is  12.5  cm. 
Regions  with  different  types  of 
broadening  are  marked. 


FIG. 2  The  line  contours  for  5  interference  orders  of  Ha  line.  The  horizontal  axis  is 
corresponding  to  the  gap  size  (1.2  cm/div  ;  cathode  is  on  the  left,  anode  -  on  the  right)  and  to  the 
spectral  shift  (3.5  A/div).  On  the  vertical  axis  is  intensity  (rel.units).  Data  are  given  for  1.0  ps 
after  current  beginning. 
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anode  for  neutral  gas  temperature  1-3  eV.  Turbulent  field  increases  toward  the  cathode 
up  to  50  kV/cm  as  the  distance  between  the  side  peculiarities  of  the  profile  increases. 
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Conclusion. 

The  paper  stresses  the  sufficiency  of  anomalous  plasma  resistance  in  the  dynamics 
of  the  plasma  opening  switch.  Turbulent  noises  in  the  POS  were  registered  in 
experiments  on  Stark  broadening  investigations  of  neutral  hydrogen  Ha  at  the 
conduction  phase.  The  simulation  allowed  to  estimate  turbulent  field  strength.  One  can 
suppose  that  if  with  scaling  of  experimental  POS-based  machines  the  scale  of  electron 
flow  will  exceed  the  geometric  scale  then  today’s  similarity  laws  will  not  be  used. 

This  work  was  supported  by  the  Russian  Foundation  of  Fundamental  Research  - 
grants  No.  94-02-04431 -a,  94-02-03059-a  and  ISF-  grant  N8X000. 
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Abstract 

Experimental  results  of  the  long-conduction-time  Plasma  Opening  Switch  (POS)  operation  in 
a  strip-line  geometry  of  electrodes  are  presented.  Considerable  plasma  motion  and  plasma 
pinching  during  the  conduction  time  were  registered.  Diminishing  of  the  plasma  asymmetry 
with  the  help  of  electrode  "wings"  allowed  visible  improvement  of  the  POS  operation. 
Operation  of  the  plasma  guns  used  in  this  experiment  was  specially  studied.  Synchronization  of 
two  plasma  switches  with  the  help  of  a  low-inductive  upstream  electrical  coimection  is  efficient 
only  in  the  case  of  initially  big  difference  in  their  conduction  times.  Computer  simulations  with 
the  use  of  new  numerical  method  of  adaptive  mesh  refinement  are  compared  with  the 
experiment. 

Experimental  setup 

Experiments  were  carried  out  on  MAG- 1 '  two-module  inductive  storage  generator  operating 
in  plane  geometry  of  electrodes.  For  each  module  the  plasma  was  initially  injected  through  the 
anode  rods  of  a  40  cm  wide  strip-line  with  the  interelectrode  gap  of  4  cm  (Fig.  1).  From  10  to 
20  plasma  guns  (PG)  [1]  per  module  were  installed  in  a  line  along  the  strip  width.  Each  plasma 
gun  was  individually  connected  with  the  common  capacitor  bank  through  a  2  m  cable.  The  gun 
represented  a  15-20  cm  length,  6  mm  diameter  rigid  copper  cable  with  polytetrafluorethylen 
insulator.  No  additional  covering  of  the  dielectric  surface  [1]  was  used.  The  load  was  a  short- 
circuit  installed  at  30  cm  downstream  of  the  plasma  injection  region.  A  low-inductance  capacitor 
bank  (Cs  =  8.48  pF,  Fig.  2)  provided  a  250  kA  upstream  current  with  the  quarter-period  of 
1.5  ps.  Anode  current  density  was  registered  by  15  B  probes  per  each  module.  The  probes 
were  installed  on  the  anode  in  5  rows  parallel  to  that  of  the  plasma  guns,  both  in  the  upstream 
and  downstream  regions.  This  diagnostic  was  coupled  with  the  Faraday  cup  technique  and 
visible  streak  camera. 


Fig.  1.  General  design  of  one  MAG-1'  strip-line  module  (side  view). 

Fig.  2.  Equivalent  electrical  circuit  of  the  generator.  External  synchronizing  connection  between  two  modules, 

Lee,  is  ^Iso  shown. 


Operation  of  plasma  guns 

The  plasma  produced  by  PG  was  studied  with  the  help  of  Faraday  cups  (FC).  After  a  long 
usage  of  the  gun  (about  50  shots),  the  FC  peaks  had  a  shot- to-shot  scattering  of  150-180  ns  in 
their  time  of  arrival  and  of  30%  in  their  amplitudes.  The  average  time  positions  of  the  FC  peaks 
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from  different  guns  could  differ  also  by  200  ns  that  corresponded  to  a  15%  difference  in  the 
density-velocity  product.  New  guns  were  well  reproducible  in  time  between  approximately  the 
20‘li  and  the  40*11  g^ot.  The  FC  measurements  allowed  also  estimation  of  the  lower  ion  density 

limit  which  was  typically  equal  to  5xl0'3  cm-3  for  the  25  kV  ^n  charging  voltage.  For  three 
investigated  gun  charging  voltages  (10,  18  and  25  kV)  the  maximum  FC  signals  were  obtained 
for  18  kV.  However,  the  resulting  dependence  of  velocity  on  the  charging  voltage  was  very 
weak. 

Typical  FC  signal  consisted  of  several  separated  groups  corresponding  to  the  gun  current 
oscillations.  The  first  group,  shown  in  Fig.  3  had  normally  two  peaks.  The  time-of  flight 
measurements  showed  that  these  two  peaks  had  different  velocities  (4.6  and  6.2  cm/ps  in  the 
figure)  and  thus,  corresponded  to  two  groups  of  ions.  These  groups  were  formed  at  different 
stages  of  the  first  current  half-period:  in  the  beginning  and  near  the  maximum  of  the  gun  current 
rise. 


Time  (ps)  Time  (ps) 


Fig.  3.  Plasma  gun  currents  and  corresponding  FC  signal  traces  in  two  cases,  (a)  Different  amplitudes  at  quarter- 
period  of  the  current  oscillations,  but  identical  behavior  of  the  current  signals  during  the  first  20-30  ns.  (b)  Close 
current  amplitudes  at  t  =  T/4  but  different  current  time  behavior  in  the  beginning. 

The  difference  in  origin  of  two  ion  peaks  was  demonstrated  in  a  separate  experiment.  The 
same  gun  was  connected  with  the  powering  capacitor  through  different  cables  that  allowed  to 
change  the  gun  current  amplitude.  Fig.  3.  This  modification  changed  drastically  the  second  ion 
peak  amplitude.  However,  when  the  current  waveforms  were  close  to  each  other  during  the  first 
20-30  ns,  the  velocity  and  amplitude  of  the  first  ion  peak  did  not  change.  And  vice  versa, 
different  time  behavior  of  the  gun  current  in  the  beginning  yielded  scattering  in  the  amplitude 
and  time  of  the  first  fast  ion  peak.  Therefore,  one  can  suppose  formation  of  the  plasma  injection 
front  during  the  first  20-30  ns  of  the  gun  current  rise-time. 

Streak-camera  images  confirmed  this  supposition.  Several  gun  puffs  were  in  a  good 
correlation  with  the  current  oscillations.  The  second  puff  was  always  brighter  than  the  first  one. 
Streak  photos  confirmed  existence  of  several  groups  of  particles  created  during  first  current 
halfperiod.  The  light  at  the  cathode  always  started  at  the  moment  of  arrival  of  the  fastest  ions  to 
the  cathode  surface  (first  FC  peak).  At  the  same  time,  the  maximum  increase  of  the  cathode 
brightness  was  close  in  time  to  the  second  peak  of  FC  signal.  The  distribution  of  plasma 
luminosity  at  different  points  of  the  gap  was  also  used  for  estimation  of  the  plasma  velocity. 
The  mean  plasma  velocity  corresponding  to  the  ions  created  during  the  first  half-period  of  the 
gun  current  was  about  4.7  cm/pS,  i.e.  close  to  the  value  obtained  from  FC  signals. 

POS  operation 

Let  us  consider  first  operation  of  one  module.  In  the  initial  strip-line  configuration  the  POS 
plasma  was  created  by  16  plasma  guns  .  Generator  charging  voltage  of  30  kV  yielded  the 
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maximum  conduction  current  lomax  =  250  kA,  conduction  time  tc  =  700-800  ns  and  the  opening 
time  not  less  than  tg  =  150-200  ns  (Fig.  4a).  Plasma  current  losses  after  the  opening  were  as 
high  as  1 0-20%  of  lomax-  In  this  configuration  one  should  note  very  particular  time  behavior  of 
the  signal  of  the  downstream  B-probe  situated  it  the  middle  of  the  row  closest  to  the  plasma 
injection  region,  j2  (B2  in  Fig.  1).  The  current  density  obtained  with  the  center  B-probe  always 
showed  a  negative  peak  in  the  beginning.  This  negative  signal  was  sharper  for  higher  currents, 
longer  conduction  times  and  appeared  sometimes  in  the  center  of  the  next  row,  closer  to  the 
short-circuit,  js  (B5).  Besides,  the  signal  of  the  central  probe  lagged  behind  the  traces  of  all  the 
other  downstream  B-probes.  This  time  delay  could  be  explained  by  the  so-called  "erow-bar"  of 
the  probe  covered  by  the  plasma  during  its  motion.  One  can  conclude  that,  probably  due  to 
initial  inhomogeneity  of  the  plasma  density  and  magnetic  field,  this  motion  had  different 
velocities  in  the  center  and  at  the  borders  of  the  strip- line. 


Fig.  4.  Upstream  and  downstream  current  densities  measured  in  the  center  of  the  anode  for  two  cases:  (a)  initial 
configuration  without  the  anode  "wings",  16  guns,  and  (b)  with  the  "wings",  10  guns. 


Therefore,  relatively  long  opening  time  could  be  a  result  of  asymmetry  of  our  plasma 
system.  To  verify  this  hypothesis,  we  installed  two  additional  anode  "wings"  in  the  plasma 
injection  region.  These  electrode  "wings"  partially  closed  the  opened  strip-line  borders  and 
prevented  the  plasma  to  exit  from  the  inter  electrode  gap.  For  this  new  configuration  with  the 
"wings",  the  optimized  number  of  plasma  guns  was  found  to  be  equal  to  10.  The  plasma  guns 
were  distributed  uniformly  along  40  cm  of  the  electrode  width.  The  best  shots  were 
characterized  by  disappearance  of  the  difference  in  B-probe  signals  at  the  borders  and  in  the 
center.  The  negative  peak  appeared  now  simultaneously  on  all  three  B-probes  of  the  row  closest 
to  the  plasma.  Finally,  the  opening  became  faster  (Fig.  4b)  and  the  plasma  current  losses 
became  smaller.  From  our  point  of  view,  this  fact  confirms  the  influence  of  the  initial  plasma 
density  homogeneity  on  the  "quality"  of  the  opening. 


®  Z(cm)  Z(cm)  ^0  0  Time  (ps) 

Fig.  5.  (a)  Initial  mesh  density  (upper)  and  initial  plasma  distribution  in  the  gap  (lower)  in  AMR  numerical 
simulations,  (b)  Mesh  density  and  plasma  density  at  the  moment  of  the  POS  opening.  A  -  anode,  C  -  cathode.(c) 
Streak-camera  image  synchronized  with  the  current  derivatives:  dig/dt  -  plasma  guns,  dlQ/dt  -  upstream  current, 

dlioad/4t  -  downstream  current. 
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Computer  simulations  of  the  POS  operation  were  carried  out  with  the  help  of  a  new 
numerical  method  of  adaptive  mesh  refinement  (AMR)  [2],  This  method  allowed  considerable 
reduction  of  the  computer  run-time  for  this  kind  of  problems.  The  results  shown  in  Fig.  5  (a,  b) 
were  obtained  by  using  the  one-fluid  MHD  model  with  modifies  Spitzer  conductivity.  No 
secondary  plasma  creation  was  supposed  in  the  present  calculations.  The  initial  plasma  density 

was  chosen  to  correspond  to  that  estimated  with  the  FC  technique  (5x1 0^3  on  the  cathode 
surface  with  1/r-like  density  distribution,  where  r  is  the  distance  from  the  plasma  guns  plane). 
Numerically  simulated  pictures  confirmed  considerable  plasma  motion  during  the  conduction 
phase.  The  opening  occurred  through  rarefaction  of  the  midgap  plasma. 

At  the  same  time,  experimental  results  showed  importance  of  the  electrode  phenomena  in  the 
POS  dynamics.  Fig.  5  (c)  represents  the  image  obtained  during  the  POS  shot  with  the  help  of  a 
streak  camera.  The  slit  was  situated  to  visualize  the  entire  interelectrode  gap  from  the  load  side 
of  the  installation.  It  was  perpendicular  to  the  electrode  surface,  so  that  the  visible  light  from  the 
plasma  passed  along  the  strip-line  and  entered  the  optical  system  of  the  streak-camera  through  a 
hole  in  the  anode  near  the  short-circuit  (see  Fig.  1).  The  cathode  radiation  started  at  the  moment 
when  the  plasma  arrived  to  the  cathode  surface  and  created  a  secondary  electrode  plasma. 
During  the  generator  current  rise-time  this  plasma  rapidly  filled  the  entire  gap  in.  Dynamic  range 
of  our  diagnostic  did  not  allow  to  resolve  the  midgap  plasma  rarefaction.  Therefore,  inclusion 
of  the  secondary  plasma  dynamics  could  be  important  in  our  numerical  modeling  and  will 
represent  a  subject  for  the  future  work. 

Synchronization  of  two  POS  modules 

Synchronization  of  two  modules  with  the  help  of  a  low-inductive  upstream  connection 
between  them  [3]  was  verified  experimentally  (see  Fig.  2).  The  connection  Lee  consisted  of 
thirty  50  Ohm,  1.5  m  length  parallel  cables.  The  cables  were  distributed  homogeneously  along 
the  strip-line  width,  before  the  vacuum  chamber  insulator.  Two-module  MAG-l’  installation 
allowed  direct  comparison  of  the  shots  with  and  without  synchronization.  This  part  of  the 
experiment  included  two  series  of  shots. 

In  the  first  series  the  initial  plasma  density  differed  considerably  for  the  right  (RM)  and  the 
left  (LM)  modules.  In  this  case  the  optimum  injection  delays  for  LM  and  RM  were  also 
different.  Without  synchronization,  this  resulted  in  a  difference  of  the  conduction  times  bigger 
than  the  opening  time  value  for  one  module,  tc(RM)  -  tc(LM)  >  L-  When  the  left  POS  approached 
its  optimum  operation,  the  right  one  did  not  interrupt  the  current  any  more.  The  synchronization 
was  tested  for  the  conduction  time  difference  changing  from  200  to  500  ns.  In  this  case  the  rise¬ 
time  for  the  sum  of  both  load  currents  was  shorter  than  in  absence  of  the  connection  between 
the  modules. 

Second  series  of  experiments  was  performed  when  the  initial  plasma  density  was 
approximately  the  same  for  both  modules.  Therefore,  separate  modules  had  already  close  values 
of  the  conduction  times  even  without  additional  connection  between  them.  The  result  of  this 

series  was  opposite  to  that  of  the  first  series.  If  Ate  <  U,  the  external  upstream  connection  often 

made  even  bigger.  Therefore,  one  can  conclude  that  the  procedure  of  synchronization 
proposed  in  [3]  was  efficient  only  in  the  case  when  the  difference  of  the  conduction  times  of 
two  plasma  switches  was  bigger  than  the  opening  time  of  one  POS  . 
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Abstract 

Fast  magnetic  field  penetration  into  a  positive-polarity  plasma-opening-switch  (POS)  of 
1 00  ns  duration  time  has  been  recently  measured.  The  measurements  provide  the  temporal  and 
spatial  evolution  of  the  magnetic  field  in  the  plasma.  We  present  theoretical  results  for  the 
magnetic  field  evolution  based  on  the  Hall  model  for  fast  magnetic  field  penetration  into 
a  cylindrical  plasma  of  inhomogeneous  density  [1],  and  compare  them  with  the  experiment. 
This  model  allows  for  magnetic  field  penetration  into  most  of  the  plasma  for  both  positive  and 
negative  switch  polarities  as  long  as  fast  magnetic  field  penetration  along  the  electrodes 
occurs.  The  evolution  of  the  magnetic  field  depends  on  various  parameters.  These  parameters 
are  the  switch  polarity,  the  plasma  density  profile  and  the  time-varying  field  values  in  the 
vicinity  of  the  electrodes  and  at  the  plasma-vacuum  boundaries.  The  magnetic  field  near  the 
electrodes  is  unknown  experimentally.  We  assume  its  shape  and  time  dependence  based  on 
previous  theoretical  models  and  numerical  simulations.  The  other  parameters,  namely  the 
plasma  density  profile  and  the  field  values  at  the  plasma-vacuum  boundaries,  are  taken  from 
the  measurements.  The  model  yields  an  analytical  solution  under  some  simplifications  that  are 
possibly  valid  for  this  experiment.  The  theoretical  results  appear  to  fit  well  the  spatial  and 
temporal  magnetic  field  values  obtained  experimentally,  and  provide  an  explanation  for  the 
fast  magnetic  field  penetration. 

[1]  K.  Gomberoff  and  A.  Fruchtman,  Phys.  Fluids  B,  5  (8),  2841  (1993) 


(The  full  text  has  not  been  supplied.) 
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Observation  of  the  MF  distribution  in  short  duration  plasmas  is  of  major  importance. 
This  work  presents  time-dependent,  spatially  resolved,  non-intrusive  measurements  of  the 
Magnetie  Field  (MF)  penetration  into  a  Plasma  Opening  Switch  (POS)  experiment  using 
observations  of  Zeeman  splitting.  In  this  experiment,  a  positive  voltage  pulse  is  applied  to  the 
inner  eonductor  of  a  shorted  coaxial  POS,  giving  a  peak  current  of  135  ±  10  kA  with  a  quarter 
period  of  90  ns.  The  interelectrode  gap  is  2.5  cm.  In  the  measurements,  the  spectral  profiles  of 
the  Ti  and  a  components  of  the  line  emission  from  the  same  volume  element  are  observed  in 
a  single  discharge,  using  two  spectroscopic  systems.  It  allows  for  unfolding  the  Doppler 
broadening  from  the  Zeeman  splitting.  To  obtain  local  measurements,  the  plasma  is  seeded 
with  Ball  ions,  giving  spatial  resolution  of  ~  1  cm.  Measurements  of  Stark  broadening  and 
line  intensity  time  histories  are  used  to  verify  that  the  seeded  plasma  does  not  affeet  the  POS 
properties. 

The  MF  distribution  is  observed  as  a  function  of  time  throughout  the  pulse,  starting  at 
t  =  10  ns  after  the  generator  current  is  applied.  At  t  =  20  -  25  ns,  the  MF  is  found  to  reach  the 
axial  center  of  the  plasma.  At  this  period,  the  eurrent  (determined  from  the  MF  gradients)  is 
found  to  flow  through  a  channel  in  the  plasma  ~  1  cm  wide  in  the  axial  direction.  At 
t  =  30  -  35  ns,  the  MF  is  observed  at  the  load  side  of  the  plasma,  showing  there  higher  values 
than  in  the  center  of  the  plasma.  At  later  times,  t  =  60  ns,  most  of  the  current  is  observed  to 
flow  in  the  load  side  of  the  plasma  and  between  the  plasma  and  the  load.  The  average  axial 
velocity  of  the  MF  penetration  is  v  =  (1.0  ±  0.35)  10*  cm/s.  A  simulation,  based  on  field 
penetration  due  to  the  Hall  effect,  is  developed.  The  model  that  combines  the  effects  of  the 
cylindrical  geometry  and  the  non-homogeneous  plasma  density,  gives  results  that  are 
consistent  with  the  experimental  results.  The  high  MF  values  observed  at  the  load  side  at 
t  =  30  -  35  ns  can  be  explained  by  fast  MF  penetration  along  the  cathode. 


(The  full  text  has  not  been  supplied,) 
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Abstract  This  paper  is  devoted  to  the  investigations  of  the  microsecond  plasma  opening 
switch  properties  (MPOS)  as  an  ion  beam  source  for  surface  modification.  Two  plasma 
sources  have  .been  investigated  :  flashboard  and  cable  guns.  The  detailed  measurements 
of  axial  and  azimuthal  distributions  of  ion  current  density  in  the  switch  have  been  per¬ 
formed.  It  was  shown  that  the  azimuthal  unhomogeneity  of  the  ion  beam  increases  from 
the  beginning  to  the  end  of  MPOS.  The  advantages  and  problems  of  this  approach  are 
considered. 

Introduction 

It  was  shown  recently  [1]  that  microsecond  plasma  opening  switch  (MPOS)  can  be  used 
as  an  ion  beam  source  for  material  surface  modification.  The  advantages  of  MPOS  are 
following:  large  area  of  ion  beam  cross-section  (  500-1000  c??i^);  wide  range  of  ion  current 
density  (  10-150  A/cm^);  high  efficiency  of  ion  beam  generation.  Never theles.s,  the  first 
experiments  have  showed  that  there  are  several  serious  problems  that  should  be  solved 
for  more  successful  application  of  MPOS  to  modification: 

•  The  problem  of  uniformity  and  controlling  of  power  density  for  the  ion  beam; 

•  Requirement  for  high  reproducibility  of  ion  beam  parameters  from  shot  to  shot; 

•  The  requirement  of  the  long  operation  for  the  plasma  source  (>  100  shots). 

•  The  formation  of  microcraters  on  the  sample  surface  under  ion  beam  action. 

The  solving  of  these  problems  requires  a  better  understanding  of  the  POS  operation  and 
ion  beam-matter  interaction  physics.  To  make  more  precise  this  understanding  we  have 
performed  the  detailed  measurements  of  axial  and  azimuthal  distributions  of  ion  current 
density  in  the  switch.  This  report  is  devoted  to  the  MPOS  properties  as  an  ion  source  for 
the  modification  of  the  materials.  The  cjiiestions  of  the  surface  modification  for  various 
steels  are  discussed  in  other  our  report  presented  on  this  conference  also. 

Experimental  setup  and  diagnostics 

The  experiments  were  carried  out  on  the  ’^MARINA”  generator.  The  setup  schematic  is 
given  at  fig.l.  The  generator-POS  parameters  were  following:  the  POS  inner  and  outer 
electrodes  diameter  were  equals  to  55  and  200  mm  correspondingly,  output  generator 
voltage  -  480  kV,  upstream  and  downstream  POS  inductances  1.8  and  0.8  /xH,  short 
circuit  current  220  kA,  current  rise  time  1.3  ps.  In  the  main  part  of  the  experiments 
the  plasma  gun  source  was  used.  The  plasma  guns  of  coaxial  type  were  installed  on  the 
outer  electrode  (the  number  of  plasma  guns  was  equal  to  either  8  or  16).  The  generator 
was  operated  in  the  negative  polarity  regime.  The  investigated  samples  and  diagnostic 
equipment  were  installed  behind  the  cathode  splits.  The  capacitive  and  resistive  voltage 
probes  placed  in  the  oil  tank  near  the  interface  and  two:  upstream  and  downstream  POS 
current  monitors  were  used.  The  ion  current  density  in  the  POvS  region  was  measured 
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by  collimated  Faraday  cups  with  transverse  magnetic  field.  The  field  was  produced  by 
permanent  magnets  and  has  a  strength  of  0.15  T.  In  some  shots  the  carbon  taigets  weie 
placed  inside  the  mylar  films  with  mass  thickness  of  0,3  -  2  mg/cm  to  determine  the 
ion  energy  spectrum.  In  order  to  measure  total  proton  number  the  nucleai  activation 
technique  on  the  reaction  with  threshold  ot  460  keV  was  used. 


Figure  1:  Experimental  setup  and  diagnostics. 

1  -  Marx,  2  -.capacitive  voltage  monitor,  3  -  oil-vacuum  interlace,  4,  12  -  Rogovsky  coils, 
5  -  vacuum  pump,  6  -  cathode,  7  -  anode,  8  -  plasma  source,  9  -  collimated  haraday  cup, 
10  -  carbon  target,  11  -  irradiated  sample. 


U,  kV  Ji,  A/cm^ 


Figure  2:  Characteristic  waveforms  Figure  3:  Axial  distribution  of  the  ion 

of  the  switch  voltage  (curve  1)  current  density  for  various  time  delays, 

and  ion  current  density  (curve  2).  □  -  800  ns,  A  -  1000  ns,  +  -  1200  ns. 
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Plasma  source  and  POS  regimes 

It  was  shown  in  our  experiments  that  the  lifetime  tor  the  flashboard  source  is  much  less 
than  for  the  cable  gun  source  (  ~  50  and  A'j,.  >  200  shots  correspondingly).  By  this 

reason  the  cable  gun  source  was  chosen  tor  the  our  experiments  on  modification  of  the 
materials.  This  source  produced  plasma  flow  with  density  ot  5  •  10^^  cm~^  and  velocity  of 
10'  cm/s  when  it  was  powered  from  3  fiF  capacitor  bank  with  30  kV  charging  voltage. 
With  this  plasma  source  the  POS  operation  regimes  were  stable  and  reproducible.  The 
optimal  time  delay  between  POS  and  generator  firings,  providing  the  best  regimes  of  POS 
operation,  is  equal  to  0.9-1  /is.  Switch  voltage  was  equal  to  O.S-^l  MV  and  the  pulse  length 
was  equal  50-f70  ns.  The  operation  regimes  coincide  in  general  for  the  8  and  16  plasma 
guns  but  the  ion  beam  uniformity  is  higher  for  16  plasma  guns.  The  plasma  density  in  the 
anode-cathode  gap  was  measured  without  firing  ol  the  generator  using  negatively  biased 
collimated  Faraday  cups  (CFG),  which  operated  in  the  saturated  regime  of  plasma  probe. 
The  plasma  density  nonuniformity  in  azimuthal  direction  was  nearly  40  %  for  8  plasma 
guns  and  25  %  for  16  ones. 

Investigation  of  the  ion  current  density  distributions 

The  typical  w'aveforms  of  switch  voltage  and  CFCi  signal  are  given  in  fig. 2.  When  the 
cathode  in  switch  region  was  made  in  "squirrel  cage"  lorm,  the  ion  beam  uniformity  and 
repeoducibility  were  bad:  the  ion  current  densities  measured  by  Cl'C.  at  the  center  and 
at  the  border  of  the  split  were  differed  in  2-3  times.  To  eliminate  this  effect  the  cathode 
splits  were  covered  by  stainless  steel  grid  with  cells  dimensions  ot  1  mm.  In  this  case 
this  difference  was  not  more  than  20  %.  The  axial  ion  current  distribution  for  various 
time  delays  between  POS  and  generator  firings  is  presented  in  fig. 3  (total  ion  current, 
measured  by  CFG  with  magnetic  field)  and  fig.4  (proton  current,  measured  by  nuclear 
activation  technique).  Integrating  the  axial  distributions,  we  obtained  40  k.4  of  the  proton 
current  (with  ion  energy  higher  than  440  keV  )  and  60-70  kA  of  the  total  ion  current  in 
POS.  The  efficiency  of  the  ion  beam  generation  is  equal  to  35-40  %.  The  ion  beam  particle 
energy  and  composition  measurements  with  Thomson  ])arabola  showed  that  the  ion  beam 
consists  mainly  from  protons  and  carbon  ions  with  charge  state  ol  1-3.  The  ion  energy 
corresponds  roughly  to  POS  voltage,  that  is  confirmed  in  activation  measurements  with 
mylar  films.  The  ion  beam  composition  is  not  homogeneous  along  the  POS  cathode: 
protons  are  removed  in  the  load  direction. 

The  azimuthal  uniformity  of  the  ion  beam  was  investigated  by  nuclear  activation 
technique  also.  Eight  identical  graphite  plates  1x5  cm  were  installed  beliind  the  cathode 
splits  (cathode  splits  are  distributed  over  45  degree  in  azimuth)  in  several  axial  positions 
(in  one  shot).  The  dispersion  of  the  activation  results  in  azimuthal  direction  increased 
significantly  from  the  beginning  to  the  end  of  POS.  It  can  be  seen  in  fig.2.  As  it  was 
shown  earlier  [2],  the  divergency  of  the  ion  beam  is  increased  to  the  POS  end  also.  So, 
we  can  conclude,  it  is  preferable  for  the  modification  to  place  samples  in  the  first  half  of 
the  switch  length. 

Conclusion 

This  experimental  run  showed  that  for  the  effective  work  ol  the  MPOS  as  an  ion  source 
for  the  materials  modification  the  next  conditions  are  needed: 
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1.  To  install  the  samples  inside  the  cathode  tube. 

2.  The  cathode  splits  have  to  be  covered  by  the  gird  with  small  cell. 

3.  The  samples  have  to  be  installed  in  the  first  halt  of  the  switch.  li  these  conditions 
are  satiesfied,  the  ion  source  on  the  base  of  MPOS  can  be  very  convinient  for  the 
material  surface  modification. 


Figure  4:  Ion  current  density  measured  Figure  5:  Azimuthal  unhomogeneity  of 
by  activation  for  various  time  delays.  ion  current  density  along  the  switch. 

□  -  800  ns,  A  -  1000  ns,  "I"  -  1200  ns. 
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Abstract  This  paper  is  devoted  to  the  investigations  of  the  material  surface  modification  by 
high  power  ion  beam  generated  in  microsecond  plasma  opening  switch  properties  (MPOS). 
The  various  types  of  steels  have  been  investigated  :  stainless  steel  17-4PH,  carbon  steel 
C1020,  pure  iron.  For  all  these  materials  the  optimal  regimes  for  irradiation  were  defined. 
The  significant  increasing  in  microhardness  was  obtained  tor  these  materials  (1.5  -r  2 
times).  The  numerical  calculations  and  theoretical  estimations  of  the  ion  beam-matter 
interaction  have  been  performed  also.  The  ad\'antages  and  problems  of  this  approach  are 
considered. 

Introduction 

It  was  shown  recently  [1]  that  microsecond  plasma  oj^ening  switch  (MPOS)  can  be  used 
as  an  ion  beam  source  for  material  surface  modification.  The  advantages  of  MPOS  are 
following:  large  area  of  ion  beam  cross-section  (  500-1000  c?n^);  wide  range  of  ion  current 
density  (  10-150  A/cm^);  high  efficiency^  of  ion  beam  generation.  The  questions  of  the 
MPOS  properties  as  an  ion  source  for  modification  are  discussed  in  other  our  report 
presented  on  this  conference  also.  This  paper  is  devoted  to  the  investigations  of  the 
material  surface  modification  by  high  power  ion  beam  generated  in  microsecond  plasma 
opening  switch  properties  (MPOS).  There  is  no  theoretical  model  explaining  the  physico¬ 
chemical  and  mechanical  changes,  which  occur  in  near  surface  layer  of  solids  after  high 
power  ion  beam  irradiation.  To  make  more  precise  the  understanding  of  these  phenomena 
we  have  performed  the  detailed  investigations  of  the  surface  modification  for  various  steels. 
The  numerical  calculations  of  the  ion  beam-  solid  matter  interaction  have  been  performed 
also. 

Experimental  setup 

The  experiments  were  carried  out  on  the  ’’MARIN.A”  generator  [2].  The  generator-POS 
parameters  were  following:  the  POS  inner  and  outer  electrodes  diameter  were  equals 
to  55  and  200  mm  correspondingly,  output  generator  voltage  -  480  kV,  upstream  and 
downstream  POS  inductances  1.8  and  0.8  fill,  short  circuit  current  220  kA,  current  rise 
time  1.3  fts.  In  the  main  part  of  the  experiments  on  modification  the  plasma  gun  source 
was  used.  The  plasma  guns  of  coaxial  type  were  installed  on  the  outer  electrode  .  Switch 
voltage  was  equal  to  0.8  0.9  MV  and  the  pulse  length  was  equal  60  ns.  The  ion  beam 

particle  energy  corresponds  to  POS  voltage.  Ion  current  density  can  be  varied  within 
10-100  A/cm^.  The  investigated  samples  and  diagnostic  equipment  were  installed  behind 
the  cathode  splits. 
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Investigation  of  the  surface  modification 

Vaiying  the  parameters  of  irradiation  it  is  possil)le  to  torni  in  the  near  surface  layeis  the 
structure  and  phase  states  having  a  necessary  properties.  The  purpose  ot  this  experiment 
was  to  investigate  the  properties  of  phase  composition  change  and  overall  features  of  the 
steels  and  iron  after  high  power  ion  beam  action.  Irradiated  samples  were  of  rectangular 
shape  with  dimensions  50x17x2  mm.  Samples  were  tested  by  metallographic  analysis  and 
microhardness  measurements.  All  sam{)les  were  cut  lor  microhardness  measuiement  in 
depth.  Metallographic  analysis  was  made  with  optical  microscope  NLOPHOT-21  and 
raster-type  electron  microscope  REM-200.  Microhardness  measurements  were  carried  out 
with  PMT-3  device  for  m=20,50,100,200  g.  The  measurement  accuracy  lies  within  20 
kg/m?^^.  The  study  performed  shows  that  surface  power  density  and  number  of  shots 
play  the  main  role  in  the  formation  of  phase  composition  and  steel  properties.  According 
to  metallographic  data,  within  the  chosen  range  of  irradiation  parameters  the  melting  of 
a  thin  near  surface  layer  occurs.  The  microcraters  formation  is  observed  lor  all  irradiated 
samples.  The  threshold  for  the  microcrater  formation  lor  all  investigated  steels  and  iron 
lies  on  the  level  304-40A/c?7i^  When  the  current  density  is  equal  100  A/c???^  or  more,  even 
in  single  pulse  irradiation  the  complete  surface  melting  with  intensive  material  evaporation 
occurs  resulting  in  specific  wave-like  suriace  reliel.  The  results  ol  the  microhardness 
measurements  for  the  stainless  steel  17-4PII  are  given  at  Fig.  1,2. 


kg/mm^  Hix,  kg/mm^ 


Figure  1:  Microhardness  for  17-4PFI  Figure  2:  Microhardness  for  17-4PH 

stainless  steel  (j==  40  A/cm^,  5  shots).  stainless  steel  (j=  60  A/c?77.^,  5  shots). 

The  ion  beam  treatment,  as  it  can  be  seen  from  the  microhardness  measurements, 
brings  to  the  formation  of  the  surface  layer  with  enhanced  hardness.  The  depth  of  this 
layer  varies  between  200-400  /mi  for  various  regimes.  For  corrosion  testing  of  17-4PH  we 
have  performed  anodic  polarization  in  a  1  weight  percent  HCl  solution.  The  width  of  the 
passivation  region  increases  on  20-30  percent  in  comparison  with  nonirradiated  samples. 
The  results  of  the  microhardness  measurements  for  the  carbon  steel  Cl 020  are  given  at 
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Fig.  3,4  and  for  pure  iron  at  fig.  5,6.  It  is  need  to  remark  that  both  for  C1020  and  pure 
iron  the  optimal  treatment  regime  is  nearly  30  A/crn^  (  two  times  less  than  for  17-4PH). 


0  100  200  300  400  0  100  200  300  400 


Figure  3:  Microhardness  for  C1020 
carbon  steel  (j=  60  A/cm^,  5  shots). 


Figure  4:  Microhardness  for  Cl 020 
stainless  steel  (j=  30  A/cm^,  5  shots). 


240  rHu,  kg/mm^ 


240  rH|i,  kg/mm^ 


Figure  5:  Microhardness  for  pure 
iron  (j=  60  A/cm^,  5  shots). 


Figure  6:  Microhardness  for  pure 
iron  (j=  30  A/cni'^,  10  shots). 


Numerical  modeling  of  the  ion  beam-matter  interaction 

The  numerical  simulation  have  been  performed  with  using  the  ’’DETAIN”  code  [?].  For  the 
description  of  the  matter  behavior  the  elastic-plastic  model  is  used  in  this  model.  It  allows 
to  describe  with  help  of  the  state  equations  both  the  process  in  the  energy  deposition  zone, 
where  the  matter  can  be  melted  and  evaporated  and  outside  this  zone.  For  the  correlation 


between  the  thermodynamical  plasma  parameters  the  wide-range  equations  of  state  are 
used.  These  equations  take  into  account  the  phase  transitions  and  the  charge  state  plasma 
changes.  The  temperature  field  for  various  ion  current  densities  is  given  at  fig.  5  (at  the  pulse 
end).  The  high  temperature  gradient  is  explained  by  the  carbon  ions  contamination  in  the 
ion  beam.  The  maximal  pressure  values  vs  depth  are  given  at  fig.  6  (sign is  corresponding 
to  the  compressing  wave). 

Conclusion 

These  experimental  results  show  that  the  depth  of  modification  lies  between  100-^-400  |un. 
This  value  is  nearly  two  orders  higher  than  the  ion  range.  The  temperature  action  region 
cannot  be  more  than  2-5-3  ion  ranges.  The  pressure  wave  amplitude  is  not  sufficient  for  the 
material  harderung.  For  the  explanation  of  this  phenomenon  further  experimental 
investigations  and  theoretical  efforts  are  needed. 


Figure  7;  Temperature  distribution  Figure  8:  Maximal  pressure  values 

at  the  pulse  end  (1-  j  =100  A/cm^  vs  depth  (1  =  100  A/cm  , 

2  -  50  A/cm^  3  - 100  A/cm^)  2-  50  A/cm  ). 
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Abstract.  The  paper  reminds  some  of  the  conditions  for  electron  MHD,  and 
shows  how  this  leads  to  anomalous  resistivity  which  may  play  an  important  role 
in  the  dynamics  of  POS.  It  has  been  shown  that  not  only  the  order  of  value  of  the 
resistance  of  the  plasma-filled  diode  but  rather  basic  scalings  have  to  be  changed 
in  the  regime  of  essential  anomalous  resistivity. 

Anomalous  resistance.  One  of  the  features  of  the  plasma  switching  scenario 
lies  in  the  large  importance  of  a  conduction  phase  (see,  e.g.,  [1,2]  )  conditioned  by 
the  regime  of  the  electron  magnetohydrodynamics  (EMHD)  [3-4].  The  window 
of  parameters  of  EMHD  is  conditioned  by  the  following  chain  of  inequalities: 

Vre,  Vie  >  >  14,^5,  (1) 

(^) 

cjiOjye.pBe  <  <  cjUpi^pBi-  (3) 

Here  r  and  a  are,  respectively,  space  and  time  scales  of  the  problem,  other  terms 
are  conventional.  However,  just  in  the  same  range  of  parameters  (l)-(3)  the 
ion-acoustic  current  instability  can  be  excited  and,  hence,  anomalous  resistivity, 
see,  e.g.,  [5-7].  This  regime  has  been  already  considered  in  application  to  the 
POS  physics  [5,8,9].  Our  goal  is  to  show  in  this  paper  that  not  only  the  efficient 
resistance  of  the  POS  diode  but  rather  its  scaling  turns  out  to  be  determined 
by  the  anomalous  resistivity.  That,  in  principle,  could  revise  all  the  experimen¬ 
tal  scalings  known  at  present  moment  if  we  will  deal  with  essentially  greater 
machines. 

In  all  the  references,  [5, 6, 8, 9],  the  ion-acoustic  turbulent  scenario  was  consid¬ 
ered  as  the  most  efficient  in  respect  of  the  anomalous  resistivity.  In  principle,  it 
is  not  the  only  possibility,  see,  e.g.,  [10].  If,  however,  the  following  inequality  is 
true:  coBe  <  ^pe  or,  what  is  the  same,  <  Airnmc^,  ion-acoustic  mechanism 
looks  to  be  predominating  one.  The  reason  of  that  is  ion-acoustic  wave  being 
a  ’’heavy  quantum”,  to  <  cOpi,  k^ax  >  The  way  to  construct  correctly  the 
resistive  scenario  is  well  known,  see,  e.g.,  [11].  We  have  to  balance  the  momentum 
transfered  by  the  electrons  from  the  electric  field  to  the  plasma  waves 

neE=  Jj^Ny,kdk,  =  (4) 
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(5) 


and  the  momentum  transfered  from  the  electric  field  to  the  waves  by  ions, 

ZuieE  -  -  J  jlff.N-k.kdk. 

In  these  relations,  7^’*  are  the  growth  rates  and  W\^  the  spectral  density  of  oscil¬ 
lations.  It  is  obvious  from  (4,5)  that  we  need  just  as  heavy  quantum  as  possible 
to  obtain  the  efficient  momentum  transfer.  Hence,  the  competition  of  unstable 
modes  providing  the  anomalous  resistivity  is  not  only  the  competition  of  thresh¬ 
olds  and  growth  rates  of  all  the  possible  instabilities  but  first  of  all  it  means 
comparison  of  their  properties  as  the  momentum  carriers.  The  ion  sound  wins 
this  competition  if  it  remains  non-magnetized.  The  main  condition  of  the  non— 
magnetization  of  this  mode  is  kpBe  >  T  which  for  the  typical  unstable  waves, 
k  ~  results  just  in  the  relation  mentioned  above,  uJBe  <  <^pe- 

The  scenario  of  instability  has  to  be  essentially  nonlinear.  In  the  case  of  POS, 
not  E  but  the  current  value  is  determined  by  the  outer  circuit,  that  means  the 
overwhelming  role  of  nonlinearity.  To  wit,  the  nonlinear  stimulated  scattering 
of  plasmons  by  ions  provides  the  ion  input  into  the  momentum  transfer  while 
the  predominating  process  in  the  electron  dynamics  is  the  Cherenkov  resonant 
coupling  with  the  same  waves.  The  resulting  order  of  value  of  the  resistivity 
is  well  known  [11,7].  In  the  non-adiabatic  regime,  i.e.,  with  essential  plasma 
cooling,  the  nonlinear  Ohm’s  law  looks  like 

j  ~  neCs{MTilmT,Y/\E‘^ l%T:nT,Yl\  (6) 

Let  us  take  into  account  that  the  ratio  T^jTi  is  not  so  crucial  parameter  and 
to  keep  it  in  our  estimates  would  be,  generally  speaking,  above  their  accuracy. 
Thus,  we  can  reduce  (6)  to  the  well-known  Sagdeev  formula; 

a  ~  (a)pe/47r)(net;Te/i)-  0) 

EMHD  resistance.  It  is  essential  that  even  if  anomalous  resistivity  joins  the 
game,  the  whole  resistance  of  the  diode,  in  a  broad  range  of  parameters,  remains 
the  same.  This  is  a  feature  of  the  electron  magnetohydrodynamics  (see  details  in 
[3])  that  typical  resistance  of  the  plasma-filled  diode  does  not  depend  upon  the 
efficient  collisional  frequency: 

jRe//  ~  i/nec^  =  30  Ohm  .  (8) 

nec 

This  estimate  is  true  with  the  accuracy  of  some  dimensionless  geometrical 
factor.  It  turns  to  be  universal  unless  the  conditions  (l)-(3)  break.  Let  us  take 
the  generalized  Ohm’s  law  in  form 

neE  =  ne—  -f  -[j,B] 
a  c 
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and  then  its  tangent  projection  onto  the  plasma-anode  boundary, 

■®||(plasma)  “  '®||(electrode)  “  ®  j^Blnec  —  0. 

This  reduced  equation  leads  to  the  very  simple  and  obvious  result; 

^  ^  ~  ^  =  i^BeTe^r^  <  1,  (9) 

Jl  CFtf 

since  the  Hall  parameter  obeys  [uJBeTeiY^  >  1  in  all  the  media  that  satisfy  the 
EMHD  description  (hence  in  metals  as  well).  The  less  is  the  resistivity,  the  less 
is  the  angle  of  the  current  flow  line  crossing  the  electrode  surface.  In  a  result,  the 
whole  resistance  of  the  diode  turns  out  to  be  universal.  In  other  terms,  EMHD 
resistance  may  be  presented  as  universal  value  of  the  voltage  drop  on  the  Hall 
plasma-filled  diode  [3,4]:  Uh  —  B'^/8Trne. 

This  situation  reminds  for  example  of  an  ordinary  shock  wave,  completely 
conditioned  by  the  dissipation  (look,  e.g.,  at  the  Hugoniot  adiabate)  but  whose 
basic  parameters  do  not  depend  on  the  dissipation  rate.  However,  the  structure 
of  the  shock  front  does,  and  our  case  is  similar.  To  wit,  only  providing  the 
proper  geometrical  relations  we  could  thereby  provide  the  universal  result  (8).  If 
it  breaks,  the  non-universal  anomalous  resistivity  joins  the  game. 

Broken  scaling.  Perhaps,  one  of  the  most  important  and  obvious  results  of 
EMHD  is  that  concerning  a  non-diffusive  penetration  of  the  magnetic  field  into 
the  depth  of  a  conducting  medium  .  Within  the  frames  of  the  simple  model  (2-d 
geometry,  permanent  conductivity  cr,  non-zero  component  of  the  density  gradient 
along  the  boundary)  one  can  obtain  (see,  e.g.,  [3,4]): 

B{z,t)  =  Bo{l  —  tanh[{z  —  ut)/A]}  (10) 

where  u  =  {cBo/8Tre)\dn-^ /dx\  and  A  =  {4:ec/aBo)\dn-'^ /dx\-^ .  Another  pos¬ 
sibility  is  the  magnetic  field  locked  near  the  boundary  (despite  the  problem  is 
time-depended),  nevertheless,  the  typical  space  scale,  that  is  the  depth  of  the 
current  layer,  remains  the  same,  i.e.,  A.  After  all,  if  the  magnetic  field  (current) 
has  already  been  penetrated  into  the  diode  gap  in  the  conduction  phase  of  the 
POS  operation,  the  stationary  space  scale  of  the  current  distribution  turns  out 
to  be  equal  to  A  again.  Just  this  universal  estimate  provides  the  universal  resis¬ 
tance  (8)  of  any  plasma-filled  diode  in  the  EMHD  regime.  On  the  other  hand, 
just  this  scale  seems  to  be  crucial  in  the  problem  of  validity  of  (8).  Indeed,  if 
the  typical  space  scale  of  the  diode  gap  a  <  A,  we  hardly  can  expect  that  (8) 
is  true.  [Importance  of  the  inter-gap  geometry  of  the  plasma  filling  is  not  less 
obvious  from  (9)]. 

If,  however,  we  substitute  convential  Coulomb  resistivity  in  A  and  also  use 
the  typical  parameters  of  POS  plasmas,  condition  a  >  A  remains  always  true. 
It  can  be  violated  only  by  using  anomalous  conductivity  (9)  instead  of  classical 
one.  Starting  from  the  basic  EMHD  equations  [3,4]  one  can  obtain  the  following 
1-d  equation  which  describes  the  field  penetration  into  the  plasma  depth: 

dtB+  KBd,B=  {c^lAir)d,ia-^d,B), 
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where  k.  =  c>x(c/47rne)  ~  cjAirane  with  a  =  n/IVn].  If  a  -  const,  this  is  simply 
Burgers’  equation,  but  if  we  use  Sagdeev  formula  (9)  as  a  model,  it  results  in 

dtB  +  KBd,B  =  -  \d,{d,B)\  (H) 


where  A  =  mc^/(47r)^/^ne^(nr)^/^.  We  have  obtained  solutions  of  (11)  as  steady 
as  similar  to  (10)  with  and  without  taking  into  account  the  plasma  heating  etc. 
There  is  no  use,  however,  to  take  the  space  scale  A  from  these  solutions,  it  is  quite 
enough  to  present  (11)  in  the  dimensionless  form  which  results  in  the  following 
space  scale:  A  —  (A//c)^/^. 

Let  us  take  L  to  be  the  typical  space  scale  of  the  diode.  If  L  <  A  or,  what  is 
the  same; 

L"  <  or  (12) 


e(47rnT)^/^ 


T 


not  the  universal  scaling  (8)  but  much  more  complicated  resulting  from  the  tur¬ 
bulent  scenario  becomes  true.  Meanwhile,  nowadays  (8)  turns  out  to  be  in  rather 
good  agreement  with  the  experimental  data,  hence,  experimental  scalings  known 
up-to-date,  could  break  as  well  if  the  dimensions  of  a  diode  are  not  large  enough. 
Thus,  in  all  the  scaling  predictions  for  the  next  generation  machines  using  POS  es, 
we  have  to  pay  especial  attention  to  the  conditions  relative  to  (12). 
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Abstract 

We  studied  the  emission  of  energetic  ions  from  the  plasma  in  a  coaxial  Plasma  Opening 
Switch  (POS)  powered  by  a  300  kV,  15  kA,  90  ns  positive  polarity  pulse.  Fluxes  lasting  2  -  3  ns 
of  ions  flowing  radially  onto  the  cathode  were  seen  to  occur  at  all  axial  locations  of  the  switch 
plasma  within  5  ns  of  the  beginning  of  the  upstream  POS  current.  It  is  suggested  the  termination 
of  this  ion  flux  results  from  the  formation  of  a  cathode  plasma  that  is  consistent  with  our 
spectroscopic  measurements.  Later  in  the  pulse,  longer  duration  (lOG  ns)  ion  fluxes  were 
observed  radially,  first  appearing  in  the  generator  side  of  the  switch  plasma.  Fluxes,  30  -  40  ns 
long  of  ions  flowing  axially  towards  the  POS  load  at  velocities  (2±l)xl0^cm/s  were  also  seen. 
The  dependence  of  the  start  time  of  the  axial  ion  flow,  of  the  ion  velocities,  and  of  the  ion  flux  on 


the  POS  operation  parameters  were  studied. 

I.  Introduction 

Experimental  studies  of  coaxial  POS 
operated  with  a  negative  polarity  for  the 
central  electrode  showed  a  large  increase  of 
the  ion  current  density  at  the  cathode  both  in 
the  nanosecond^  and  microsecond^  regimes. 
The  total  ion  current  flow  in  the  radial 
direction  toward  the  cathode  was  measured  to 
be  -(10-20)%  and  -  30%  of  the  total  POS 
current  in  the  nanosecond  and  in  the 
microsecond  time  scales,  respectively.  This 
residual  ion  current  limits  the  rise  in  the  POS 
resistance.  Therefore,  the  investigation  of  the 
ion  dynamics,  especially  of  energetic  ions,  is 
extremely  important  for  the  improvement  of 
the  POS  performance. 

II.  The  Experimental  Setup 

The  POS  experimental  setup  is  shown  in 
Fig.  1.  The  plasma  was  injected  radially 
outward  through  a  75%  transparent  anode  by 
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a  gaseous  (CH4)  plasma  gun^.  An  LC-water- 
line  generator  with  a  positive  polarity  output 
pulse  was  used  to  deliver  a  90-ns  quarter  period 
pulse  with  a  peak  current  of  (135±10)  kA.  An 
upstream  vacuum  inductance,  120  nH,  was 
made  by  two  aluminum  tubes  with  outer  and 
inner  diameters  10  cm  and  5  cm,  respectively. 
A  short-circuit  coaxial  inductance,  25  nH, 
served  as  the  POS  load.  The  POS  upstream  and 
downstream  currents  were  measured  by  two 
Rogovskii  coils. 


Fig.  1.  The  POS  experimental  setup 
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The  plasma  electron  density  prior  to  the 
generator  pulse  was  determined  to  be  (1.3± 
0.5)10l^cm'^  at  0.5  cm  from  the  anode 
surface  from  Stark  broadening  of  and  Hp. 
The  plasma  average  flow  velocity,  determined 
by  Doppler  shift  of  several  ion  species,  was 
found  to  be  (1.5±0.5)10^cm/s.  The  electron 
density  was  found  to  be  uniform  in  the 
azimuthal  direction  and  over  the  4-cm  axial 
direction  within  15%. 

Varying  the  POS  conduction  times  was 
achieved  by  changing  the  time  delay, 
between  the  discharge  of  plasma  source  and 
the  generator.  Typical  waveforms  of  the 
upstream  and  downstream  currents,  and  the 
POS  current  are  shown  in  Fig.  2.  The  slow 
rise  of  the  downstream  current  pulse  was  also 
observed  in  the  previous  studies^  of  a  coaxial 
positive  polarity  POS. 


Fig.  2.  Typical  waveforms  of  the  upstream  (I„),  the 
downstream  (Ifi)  and  the  POS  (Ip(-)5;)  currents. 

The  ion  current  density  distribution  in  the 
radial  direction  at  several  axial  positions 
along  the  POS  axis  was  measured  by  two 
arrays  of  4  Collimated  Faraday  Cups  (CFC) 
with  a  transverse  magnetic  field.  The  CFC 
were  placed  in  front  of  1.4  cm  wide  slots  in 
the  cathode,  at  two  opposite  sides  of  the  POS, 
and  at  axial  distances  of  1.7  cm  from  one 
another.  The  CFC  could  be  radially  translated 
to  yield  the  ion  radial  velocities  from  Time  of 
Flight  (TOF)  measurements.  The  current 
density  and  velocities  of  ions  flowing  in  the 
axial  towards  the  load  were  measured  by  four 
magnetically  insulated  CFC,  azimuthally 
separated  by  90°,  and  placed  at  the  radial 
center  of  the  POS  interelectrode  gap  at 
various  distances  from  the  load  side  edge  of 
the  plasma. 


III.  Measurements  and  Data  Analysis 

3.1.  Radial  ion  flow 

The  CFC  signals  in  the  two  sides  of  the 
POS  were  similar  to  within  the  ±30%  shot-to- 
shot  irreproducibility.  Based  on  these 
observations  we  assume  in  the  estimates  below 
azimuthally  symmetric  CFC  signals  over  the 
entire  plasma  in  the  switch  region.  At  distance 
of  1.5  cm  from  the  cathode  slots  the  signal 
exhibit  two  peaks,  shown  in  Fig.  3.  A  short 
duration  ion  pulse,  2-3  ns  long,  appeared  in 
almost  all  CFC  within  5  ns  from  the  beginning 
of  the  upstream  current.  The  amplitude  of  these 
ion  current  spikes  reached  40  A/cm^.  The 
decrease  of  the  plasma  density  near  the  CFC  by 
reducing  the  time  delay  T(j,  or  by  reducing  the 
cathode  slot  width  to  0.2  cm,  resulted  in  the 
disappearance  of  the  early  ion  spike,  with  less 
significant  effect  on  the  longer  duration  late  ion 


Fig.  3.  The  ion  current  density  measured  by  two  arrays  of 
CFC  at  4  axial  locations  and  in  both  oppositive  sides  of 


the  POS. 

The  start  time  of  the  longer-duration  ion 
current  was  found  to  depend  on  the  CFC  axial 
position  (see  Fig.  4).  This  ion  pulse  began  first 
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at  the  generator  side  and  later  at  the  load  side 
of  the  plasma.  The  axial  propagation  velocity 
of  the  ion-ejection  zone  during  pulse  are 
found  to  be  (8±1.5)10^cm/s  and  (9.5± 
1.5)10^cm/s  for  the  longer  and  shorter 
conduction  times,  respectively. 

At  1.4  cm  from  the  cathode  slot  the  ion 
late  signals  has  a  relatively  short  time 
duration,  while  at  larger  distances  the  ion 
current  was  lower  and  lasted  up  to  a  few 
microseconds.  The  increase  in  the  ion  pulse 


Z  (cm) 


Fig.  4.  The  appearance  time  of  the  fastest  ions,  emitted 
in  the  radial  direction  for  two  operation  regimes  of  the 
POS:  50  ns  conduction  time  (solid)  and  80  ns 
conduction  time  (dashed).  The  zero  axial  position 
correspond  to  the  axial  center  of  the  POS  plasma, 
duration  results  from  the  differences  in  the  ion 
velocities  due  ’  to  their  different  mass  and 
charge.  The  radial  velocity  of  the  fastest  ion 
component,  averaged  over  20  experiments  for 
the  same  Tj,  was  (2.3+0.5)10^cm/s.  Our 
spectroscopic  investigations^  of  the  plasma 
source  showed  that  the  plasma,  formed  from 
CH4,  consists  of  C  and  H  atoms,  protons,  and 
Cll-CrV  ions.  The  fastest  ion  component  is 
thus  probably  protons  with  energies  (28±11) 
keV  that  is  consistent  with  the  POS  voltage. 
The  estimated  total  radial  ion  current  rises  in 
time  to  a  maximum  level  of  5  kA,  which  is  ~ 
5%  of  the  current  flowing  through  the  POS. 

3.2  Axial  ion  flow 

In  the  upper  half  of  Fig.  5  we  present  the 
current  density  of  the  ion  flow  propagated  in 
the  axial  direction  towards  the  shorts  circuit 
end  of  the  load.  The  reproducibility  of  the  ion 
current  density  and  the  ion  pulse  duration  was 


±50%  and  ±30%,  respectively.  The  flow  of 
electrons  co-moving  with  the  ions  was  observed 
by  the  CFC  without  magnets  and  using  a  bias 
voltage  of  100  V  (see  the  lower  half  of  Fig.  5). 
The  ion  axial  velocity  obtained  from  these  TOF 
measurements  was  found  to  be  similar  in  all 
axial  locations,  (1.8±0.5)10^cm/s  for  the  cases 
where  the  conduction  times  were  <80  ns.  The 
average  peak  density  was  (55±20)A/cm^,  with  a 
pulse  FWHM  of  (30±10)  ns.  For  longer 
conduction  times,  the  ion  axial  velocity  was 
found  to  be  smaller,  (8±2)10^cm/s,  and  the 
signal  duration  increased  with  the  axial 

distance.  Based  on  the  TOF  data  the  time  at 
which  the  ions  left  the  load  side  of  the  plasma 
was  found  to  be  (60±i5)  ns  when  the  POS 
conduction  time  was  about  50  ns,  which 
coincides  with  the  rise  of  the  downstream 
current. 


Fig.  5.  Ion  current  density  traces  measured  in  a  single 
discharge  by  4  axially  separated  magnetically  insulated 
CFC.  The  CFC  are  positioned  between  the  plasma  and 
the  load. 

IV.  Discussion 

Let  us  describe  the  process  we  believe  is 
responsible  for  the  short  duration  ion  pulse 
collected  at  the  CFC  screen  box.  The  same 
process  is  expected  to  occur  near  the  cathode 
because  it  electrically  is  connected  by  plasma  to 
the  CFC  screen  boxes. 

When  a  voltage  is  applied  between  the 
cathode  and  the  anode,  plasma  electrons  are 
drawn  to  the  anode.  As  a  result,  electrons  are 
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drained  from  the  vicinity  of  the  cathode,  and 
rising  voltage  falls  mainly  on  the  electron-free 
gap  near  the  cathode.  The  ions  in  this  region 
are  drawn  by  the  electric  field  to  the  cathode, 
and  within  an  ion  plasma  period  a  space 
charge  limited  flow  is  established.  At  a  certain 
intensity  of  the  electric  field,  explosive 
emission  occurs  at  the  cathode,  which  forms 
plasma  that  serves  as  a  source  of  electrons. 
This  results  in.  a  space-charge  limited  bipolar 
flow  with  a  low  voltage  drop  that  is 
characterized  by  a  negligible  ion  flow. 

The  ion  charge  per  unit  are  collected  by 
the  cathode  during  first  5  ns  of  the  pulse  is 
Qj=Jjj(t)dt=0.6  nC/cm^.  The  electron  density 
near  the  cathode  surface  is  ne=4xl0^^  cm'^ 
and  the  radial  size  of  the  region  free  of 
electrons  at  this  time  is  estimated  by  d=Qi/ene 
=100  |im.  This  electric  field  is  sufficient  to 
cause  explosive  emission  at  the  cathode 
surface. 

The  formation  of  an  electrode  plasma  was 
shown  by  our  spectroscopic  observations^. 
These  measurements  showed  line  emission  of 
surface  adsorbents  (Si,  O,  C,  H)  and  of 
electrode  material  (Al)  within  50  ns  after  the 
beginning  of  the  upstream  current  at  0.1  cm 
from  the  cathode  surface  (see  Fig.  6).  The 
electrode  plasma  radial  velocity  was 
determined 


Fig.  6.  Relative  line  intensities  of  AlII  and  Silll  ions  at 

different  radii  from  the  cathode  surface. 

by  the  time  interval  between  the  appearance 


of  the  light  at  the  different  radii,  Vp|=(1.5± 
0.5)10^cm/s.  This  suggests  that  this  plasma  was 
formed  at  the  first  few  ns  relative  to  the  start  of 
the  upstream  current. 

The  long  duration  ion  current  observed 
later  in  the  pulse  shows  current  densities  that 
are  higher  that  the  plasma  ion  saturation 
current.  Such  long  duration  ion  pulses  were 
seen  in  nanosecond  and  microsecond  POS 
experiments.  Here,  the  long  duration  ion  pulses 
were  observed  to  be  delayed  with  respect  to 
the  beginning  of  the  upstream  current.  The 
delay  time  was  found  to  depend  on  the  axial 
position  along  the  cathode  with  the  axial 
propagation  velocity  being  =10^cm/s,  which 
can  be  interpreted  as  the  propagation  velocity  of 
the  ion  emitting  sheath^. 

The  energetic  ion  flow  in  the  axial  direction 
towards  the  short  circuit  load  is  explained  on 
■  the  basis  of  the  magnetic  field  evolution  in  the 
plasma^.  The  measurements  described  there 
showed  a  fast  magnetic  field  penetration  into 
the  plasma  and  a  formation  of  a  narrow  current 
layer  at  the  load  edge  of  the  plasma.  Only  then 
the  ion  axial  velocities  become  substantial. 

These  observations  showed  Z/M  scaling  for 
the  ion  velocities  that  allows  us  to  conclude  that 
the  proton  velocity  at  the  load  side  edge  of  the 
plasma  are  (1.5±0.4)10^cm/s,  at  t=75  ns.  The 
proton  velocity,  presently  obtained,  is  in 
agreement  with  this  value. 
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ABSTRACT 

The  small  plasma  focus  device  UNU/ICTP  PFF  has  been  modified  to  assess  the  operation  of  a  plasma 
focus  based  long  conduction  (>  2  ps)  opening  switch,  with  a  plasma  filled  diode  as  the  load.  The 
UNU/ICTP  PFF  is  a  Mather  type  plasma  focus  device  powered  by  a  single  15  kV,  30  pF  capacitor 
delivering  a  peak  current  of  150  kA  when  discharged  at  15  kV.  The  device  has  been  optimised  for 
reproducible  focusing  in  various  gases  including  deuterium,  argon,  carbon  dioxide,  helium  as  well  as  in 
air.  In  particular,  the  optimum  operating  pressure  for  air  is  between  0.5  to  1.1  mbar,  whereas  for  argon 
it  is  between  0.3  to  3  mbar.  For  the  operation  of  the  UNU/ICTP  PFF  as  an  opening  switch,  the 
electrodes  geometry  is  modified  to  redirect  the  plasma  motion  at  the  end  of  the  axial  rundown  phase  to 
avoid  the  normal  plasma  focus  action,  and  the  operating  regime  is  shifted  to  low  pressure  to  favour 
plasma  opening  switch  action.  With  air  as  the  working  gas,  pressure  as  low  as  10'^  mbar  has  been 
tested.  At  such  a  low  pressure,  a  set  of  twelve  plasma  injection  cable  guns  is  used  to  initiate  breakdown 
of  the  discharge.  The  design  and  operating  principle  is  presented  and  some  preliminary  results  obtained 
on  the  operational  characteristics  of  this  device  are  discussed 


Introduction 

Inductive  energy  storage  (lES)  is  a  principle  which  promises  the  realization  of  compact,  cost 
effective  and  efficient  high  voltage  pulsed  power  system.  In  a  typical  system,  energy  initially 
stored  in  a  capacitor  bank  is  discharged  through  the  circuit  inductance  into  the  opening  switch, 
which  is  in  the  closed  state  and  provides  full  conduction.  After  some  time,  when  the  current 
reaches  maximum,  the  switch  is  to  open  from  a  low  impedance  to  a  high  impedance  state. 
Thus  the  current  that  was  flowing  in  the  circuit  up  to  that  point  will  be  transferred  to  the  load, 
which  is  connected  across  the  switch.  The  key  component  is  the  opening  switch  element,  the 
performance  of  which  sets  a  limit  to  the  power  gain  and  voltage  gain  obtainable  from  an  BBS 
generator.  The  power  gain  is  a  measurement  of  the  conduction  time  versus  the  opening  time, 
while  the  voltage  gain  is  limited  by  the  physical  resistance  of  the  switch  in  the  opened  state! 
On  the  one  hand,  the  switch  is  required  to  conduct  for  a  relatively  long  time  until  current 
reaches  maximum.  On  the  other  hand,  the  switch  has  to  turn  high  impedance  in  as  short  a  time 
as  possible  when  it  opens.  An  extensive  discussion  on  the  various  opening  switch  technology 
for  ms  can  be  found  in  [1]  and  the  physics  of  the  different  switches  in  [2].  For  most  high 
power  applications,  the  plasma  erosion  opening  switch  is  chosen  as  the  switch  element.  The 
conduction  time  for  such  switches  is  at  best  below  1  ps.  For  longer  conduction  time,  some 
form  of  plasma  motion  has  to  be  considered  during  the  conduction  period  and  devices  like 
plasma  flow  switch  can  be  used.  [3]  The  long  conduction  period,  however,  is  associated  with  a 
slower  opening.  In  this  paper,  we  present  an  opening  switch  design  based  on  a  modified 
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plasma  focus  geometry.  This  plasma  focus  opening  switch  combines  the  action  of  the  plasma 
Lw  switch  during  the  several  ps  long  conduction  phase  with  an  opening  action  analogous  to 
the  erosion  switch  in  tens  of  ns.  Preliminary  measurements  demonstrate  the  validity  of  the 

design. 

Long  Conduction  Opening  Switch 

The  plasma  flow  switch  is  primarily  a  coaxial  plasma  gun,  not  dissimilar  from  that  of  a  plasma 
focus  in  the  Mather  geometry.  The  major  difference  of  the  plasma  flow  switch  ts  in  the  use  of 
a  plasma  discharge  initiated  in  vacuum  from  exploding  a  set  of  wires  or  f“'*; 
urhform  gas  prefill  as  in  a  plasma  focus.  Otherwise,  the  operation  is  similar,  with  a  long  ^a 
run  down  pLse  after  discharge  initiation.  This  is  shown  schematica  ly  in  Fig.  1,  which 
highlights  the  three  different  stages  of  plasma  evolution  in  a  conventional  plasma  focus.  At  the 
end  of  the  coaxial  electrode,  the  main  plasma  bulk  is  expelled  off  the  end  of  the  electrode  and 
compressed  radially  inward,  toward  the  load  region,  convening  the  stored  magnetic  energy.  In 
this  way,  current  is  transferred  to  the  coaxial  load  on  axis,  when  the  switch  plasma  stagnates 
onto  the  load  and  the  switching  time  is  primarily  governed  by  the  flow  charactenstics  of  the 

switch  plasma. 

In  the  modified  plasma  focus 

opening  switch  (MPFOS),  ■  M  l  I  Ij  I 

the  main  current  carrying  ■  I  ■  I 
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the  switch  is  also  carried  by  a  I  I  rw  I 

low  density  plasma  in  a  ^  IjBC  m  J==[^l=l«  JdLjL::* 
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geometry.  The  device  is  compression 
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injection  from  an  array  of  B  I  B 

small  plasma  guns.  This  B  B  IB 

plasma  injection  method  B  B  I  .L 

allows  a  uniform  current  ^  ^  ^  ^  JJL  ^  ^  JJJHLJJ* 

sheath  to  be  formed  along  ™  ^ ^  , 

the  insulator  initially.  This  is  Ila)  breakdown  Ilb)  axial  rundown 

.  .  GXpflnSlOn 

do\^'''phLe,  when  the  Fig  2  Schematic  showing  the  3  stages  of  evolution  of  a  modified  plasma 

current  in  the  primaty  circuit  focus  opening  switch  _  ^ 


la)  breakdown  Ib)  axial  rundown  Ic)  radial 

compression 

Fig.  1  Schematic  showing  3  stages  of  the  evolution  of  a  plasma  focus 


lib)  axial  rundown 


the  insulator  initially.  This  is  Ila)  breakdown  Ilb)  axial  rundown 

.  .  expansion 

followed  by  a  long  axial  run  .  .  •  .vo  ci 

down  phase,  when  the  Fig.2  Schematic  showing  the  3  stages  of  evoluUon  of  a  modified  plasma 

current  in  the  primary  circuit  opemng  switch  .  ,  , ,  .u  ...t, 

is  building  up  and  the  sheath  is  snow-ploughing  forward.  It  is  arranged  that  the  current  sheath 
shall  reach  the  end  of  the  coaxial  electrode  structure  just  before  the  current  reaches  maximum. 
At  this  point,  the  current  sheath  continues  to  move  forward  and  outward  at  the  same  rime  as 
the  central  electrode  geometry  changes  and  the  device  is  operating  like  an  inverse  pinch.  The 
plasma  continues  to  expand  laterally  while  under  the  inverse  pinch  effect  and  this  lowers  the 
plasma  density  in  the  current  layer.  Switching  occurs  during  this  penod  and  current  is 
transferred  to  a  load,  which  is  connected  to  the  end  of  the  switch  electrodes.  These  stages  are 
illustrated  in  the  schematic  as  shown  in  Fig.2. 
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The  dense  plasma  focus  has  been  proposed  as  an  opening  switch  utilizing  the  rapid  change  of 
impedance  of  the  plasma  during  the  final  stage  of  the  radial  collapse  phase.  [4]  The  advantage 
of  such  opening  switch  design  for  repetitive  operation  was  high-lighted.  It  should  be  pointed 
out  that  the  scheme  proposed  here  operates  in  totally  different  regimes  compared  with  a 
plasma  focus  during  the  opening,  while  retaining  the  same  advantage  of  a  long  conduction 
configuration  under  repetitive  operation.  In  an  MPFOS,  the  physics  of  the  opening  relies  on 
the  development  of  a  high  resistivity  regime  in  a  low  density  plasma  with  rapid  magnetic  field 
penetration  during  the  inverse  pinch  phase,  rather  than  the  rapid  pinching  of  a  high  density 
plasma  as  in  a  dense  plasma  focus. 


Experimental  Apparatus 


An  experiment  has  been  carried  out  to  assess  the  validity  of  the  action  of  the  modified  plasma 
focus  opening  switch.  A  small  plasma  focus  device,  UNU/ICTP  PFF,  is  modified  to  operate  as 
a  long  conduction  (>  2  ps)  opening  switch,  with  a  plasma  filled  diode  as  the  load.  The 
UNU/ICTP  PFF  is  a  Mather  type  plasma  focus  device  powered  by  a  single  15  kV,  30  pF 
capacitor  delivering  a  peak  current  of  150  kA  when  discharged  at  15  kV.[4]  As  a  plasma 
focus,  the  device  has  been  optimized  for  reproducible  focusing  in  various  gases  including 
deuterium,  argon,  carbon  dioxide,  helium  as  well  as  in  air.  In  particular,  the  optimum 
operating  pressure  for  air  is  between  0.5  to  1.1  mbar. 


For  the  operation  of  the  UNU/ICTP  PFF 
as  an  opening  switch,  the  electrodes 
geometry  is  modified  to  redirect  the 
plasma  motion  to  avoid  the  normal  plasma 
focus  action,  and  the  operating  regime  is 
shifted  to  below  lO'l  mbar  to  enhance 
plasma  opening  switch  action.  At  such  a 
low  pressure,  a  set  of  twelve  injection 
cable  guns  is  used  to  initiate  breakdown  of 
the  discharge.  These  guns  are  mounted 
near  the  back-wall  of  the  focus  tube  and 
provide  the  initial  ionization  path  for 
discharge  formation.  They  are  powered  by 
the  main  capacitor  discharge  via  standard 
50  Q  cables.  The  length  of  the  cables  are 
such  that  the  guns  are  initiated  about  80  ns 
after  voltage  is  established  across  the 
focus  electrodes.  For  the  present 
experiment,  a  diode  structure  is  arranged 
to  sit  directly  on  top  of  the  switch  to  act 


Fig.  3  The  modified  plasma  focus  opening  switch, 
showing  1)  diode  cathode,  2)  diode  anode,  3) 
expansion  plate,  4)  switch  cathode,  5)  switch 
anode,  6)  breakdown  insulator,  and  7)  plasma  guns 


as  the  load.  The  diode  is  plasma  filled  by  allowing  a  small  portion  of  the  switch  plasma  to  pass 
from  the  switch  section  into  the  diode  section  through  a  series  of  apertures.  A  picture  of  the 
modified  system  is  shown  in  Fig.  3. 


Results 

Preliminary  results  have  been  obtained  from  the  modified  plasma  focus  opening  switch  using 
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Fig.4  Voltage  and  current  signal  measured  Fig.5  Voltage  and  current  signal  measured 
outside  the  chamber,  showing  the  operation  outside  the  chamber  when  opening  action  is 

of  the  MPFOS;  horizontal  scale  500  ns/div.  not  operative;  horizontal  scale  500  ns/div. 


air  as  the  low  pressure  fill  gas.  The  opening  action  has  been  established  for  certain  pressures. 
Fig.  4  shows  the  voltage  and  current  signal  obtained  from  a  discharge  with  0.01  mbar  at  14  kV 
charging.  The  initial  breakdown  was  under  the  control  of  the  plasma  guns,  delayed  from  the 
start  of  the  voltage  by  80  ns.  After  a  conduction  period  of  1.9  ps,  the  voltage  is  observed  to 
rise  sharply  within  a  time  <  50  ns  and  is  maintained  for  over  100  ns.  As  this  voltage  was 
measured  outside  the  chamber  at  the  base  of  the  electrodes,  the  exact  value  at  the  opening  has 
not  been  obtained,  though  measurements  from  hard  X-ray  signal  indicate  a  value  higher  than 
that  shown  by  the  voltage  monitor.  The  opening  action  has  been  measured  down  to  a  pressure 
of  below  0.002  mbar.  In  contrast,  when  the  pressure  is  increased  to  0.5  mbar,  the  voltap 
signal  no  longer  shows  an  opening  action,  as  shown  in  Fig.  5.  At  this  pressure,  the  initial 
breakdown  occurs  before  the  action  of  the  plasma  guns.  The  rapid  change  of  impedance  as  the 
plasma  reaches  the  end  of  the  axial  run  down  is  no  longer  observed. 

Conclusion 

The  MFPOS  design  presented  here  is  shown  to  exhibit  several  of  the  the  necessary  qualities  of 
an  ideal  long  conduction  plasma  opening  switch  The  novel  feature  in  the  MFPOS  is  to  couple 
the  axial  run  down  phase  of  the  plasma  focus  with  an  inverse  pinch  phase  where  the  proper 
plasma  parameters  for  plasma  opening  sAvitch  action  can  be  prepared.  This  overcomes  some  of 
the  limitation  imposed  on  other  long  conduction  opening  switches  like  the  plasma  flow  switch 
or  the  plasma  focus,  while  retaining  the  inherent  long  conduction  feature.  While  the  device  is 
far  from  optimized  and  the  data  are  necessarily  preliminary,  the  switch  is  capable  of  conducting 
for  over  2  ps  and  opening  in  50  ns.  Work  is  going  on  to  quantify  the  current  transfer  efficiency 
and  to  qualify  the  proper  regime  of  operation. 
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Abstract 

The  results  of  two-dimensional  numerical  modeling  of  the  Plasma  Opening  Switch  in 
the  MHD  framework  with  Hall  effect  are  presented.  In  the  simulations  we  used  enhanced  Hall 
diffusion  coefficient.  Recent  experiments  justify  application  of  this  approach.  The  result  of  the 
modeling  also  correlates  better  with  the  experiment  than  in  the  case  of  classical  diffusion 
coefficient.  Numerically  generated  pictures  propose  a  switching  scenario  in  which  the 
translation  between  conduction  and  opening  phases  can  be  explained  by  an  abrupt  "switching 
on"  and  further  domination  of  the  Hall  effect  at  the  end  of  the  conduction  phase. 

Introduction 

Engineering  development  of  a  new  Inductive  Energy  Storage  (lES)  generator  with  the 
Plasma  Opening  Switch  (POS)  requires  both  reliable  scalings  for  the  conduction  and  opening 
times  [1]  and  numerical  modeling  of  the  POS  plasma  behavior.  For  this  purpose,  we  used  a 
two-fluid  MHD  code  [2]  incorporating  phenomena  related  to  the  Hall  effect  in  plasmas  [3]. 
Recent  experimental  results  on  GIT-8  lES  show  that  at  the  moment  of  opening  the  POS  plasma 
has  an  inhomogeneous  density,  presumably  due  to  hydromagnetic  plasma  instability  [4]. 
Previously  it  was  shown  that  the  combined  influence  of  the  Hall  effect  and  micro 
inhomogeneities  leads  to  the  enhanced  magnetic  field  diffusion  coefficient  [5].  In  our 
simulations  we  used  both  classical  and  Hall  diffiision  coefficients. 

Basic  equations 

The  system  of  the  MHD  equations  with  Hall  affect  is  solved  in  2D  cylindrical  geometry 
(r,  z)  and  contains  the  following  equations: 

a)  equation  of  the  plasma  density  conservation 

^  +  div(nV)  =  0 

^  (1) 

b)  and  c)  are  the  equations  for  the  plasma  velocity  components,  V  =  (Vr,  Vz) 

SnmjVr  _  5rB(p  9mmjV?  5nmiV[^ 

dt  Ak  xdv  rdr  dz  dr  (2) 

5nmiVz  _  1  gmmiVi  ftiimiVrVz 

dt  Sk  dz  dz  rdr  dz  (3) 

d)  equation  for  the  plasma  temperature,  T 

3^  =  -3div(nTV)  -  2nTdiv(V) 

dt  (4) 

e)  equation  of  the  magnetic  field,  B®,  dynamics 

^  =  Vx(VxB)  -  Vx(D(VxB))  -  Vx(-^x(VxB)) 

dt  V  /  V  V  // 
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where  D  is  the  coefficient  of  magnetic  field  diffusion, 
g)  Maxwell  equation  for  the  current  density,  j: 


j=^(VxB) 


h)  equation  of  the  external  electrical  circuit; 


(6) 


(7) 


In  Eqn.  (7)  Co  is  the  capacity  of  the  primary  energy  store,  Uo  is  the  initial  voltage  of 
the  generator  battery,  Lo  is  the  storage  inductance,  Ig  is  the  generator  current  and  S  is  the  cross- 
section  of  the  POS  discharge  chamber.  Therefore,  the  circuit  represents  a  classical  POS  scheme 
[6]  with  an  inductive  load. 

The  system  of  equations  (1-7)  can  be  solved  for  two  cases:  1)  with  the  classical 
coefficient  of  the  magnetic  field  diffusion.  Da  =  c2/(47ia),  cr  is  the  Spitzer  conductivity.  2)  with 

the  Hall  diffusion  coefficient  in  the  form,  Dnall  =  cB/(32nen)  [5].  In  the  second  case  the  Hall 
effect  manifests  itself  twice  in  the  equation  (5):  in  the  Hall  term  (the  third  term),  and  in  the 
diffusional  term  (the  second  term).  Both  these  terms  serve  to  describe  the  influence  of  the 
plasma  density  perturbation  on  the  enhanced  magnetic  field  diffusion.  Finally,  in  comparison 
with  the  previous  2D  POS  simulations  (see  i.g.  the  review  [3]  and  references  therein)  the 
present  one  is  coupled  with  the  external  circuit  and  includes  plasma  density  inhomogeneities. 

Boundary  conditions 

The  system  (1-7)  is  solved  in  the  region  between  two  coaxial  cylinders:  the  outer  anode 
of  the  radius  Ra  and  the  inner  cathode  of  the  radius  Rc  (Rc  ^  r  <  Ra)  (Fig.  la).  The  discharge 
chamber  is  limited  by  a  dielectric-vacuum  interface  at  z  =  0  and  by  the  short-circuit  load  at 
z  =  Zq,  i.e.  0  <  z  <  Zq.  The  boundary  conditions  for  equations  (2)  and  (3)  represent  the  fact 
that  the  plasma  is  confined  by  the  vacuum  chamber  walls 

Vr(r  =  Rc,r  =  Ra)  =  Vz(z  =  0,z  =  Zo)  =  0 

As  the  electrodes  are  considered  to  be  superconductive,  the  boundary  conditions  for 
equation  (5)  can  be  written  as  follows 


E,  =  — e-((VxB)xB)  -  -MVxB)  =  0 
^  4jten'^  ^  ^  47ia 

At  the  vacuum  interface  surface  the  value  of  the  magnetic  field  can  be  found  from  the 


solution  Ig(t)  of  the  equation  (7) 


Btp(r,  0,  t)  = 


2Ig(t) 

cr 


Initial  conditions 

For  the  initial  conditions  we  took  the  following  test  parameters:  Ig  =  0,  Vq  = 
3x104  V,  Cg  =  4.6  pF,  Ra  =  15  cm,  Rc  =  10  cm,  Zq  =  45  cm  and  Lg  =  80  nH.  The 
distribution  of  the  plasma  density  n(r,  z),  at  the  initial  moment  of  time,  is  shown  in  Fig.  la. 
The  mean  plasma  density  changes  from  10^^  cm‘2  at  the  anode  to  10^^  cm'^  at  the  cathode. 
Initial  plasma  density  profile  has  a  conical  shape  with  the  angle  cp  »  45®  and  satisfies  in  the 

overall  anode-cathode  gap  the  condition  of  high-density  plasma  switch  [1],  Lp  >  c/copi,  where 
Lp  is  the  axial  plasma  length. 
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Fig.  1 .  Conduction  phase  and  beginning  of  the  opening  phase. 


Fig.  2.  Opening  phase  and  beginning  of  the  final  phase. 


Fig.  3.  The  final  phase. 
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Distribution  of  the  initial  plasma  temperature  is  reconstructed  as 


T(r,  z,  0)  -  Tox( — - ) 

where  Tq  =  3  eV  is  the  characteristic  temperature  of  the  plasma  near  the  cathode.  For  the  sake 
of  simplicity,  dynamics  of  the  POS  is  studied  for  a  plasma  containing  mostly  H+  ions. 

Results  of  the  POS  modeling  ,  .  .  .  ,  ,  r*- 

Distribution  of  the  plasma  density  and  of  the  magnetic  field  at  the  initial  moment  of  time 
are  shown  in  Fig.  la.  The  brightness  scale  (from  black  to  white)  corresponds  to  the  increase  ol 
value  by  a  factor  of  1.2.  The  time  history  of  n(r,  z)  and  B^(t  z)  is 

moments  of  time.  This  result  corresponds  to  the  modeling  with  enhanced  diffusion  coefficient, 
Dnall-  One  can  clearly  distinguish  three  phases  in  this  figure;  conduction  phase,  opening  phase, 

and  aDpearance  of  the  so-called  "crowbar  phenomenon.  .  •  i  i  •  r  i 

During  the  conduction  phase  (Fig.  1)  the  magnetic  field  nses  inside  the  interface-plasina 
volume.  Axial  plasma  translation  due  to  the  plasma  pushing  by  the  magnetic  pressure  leads  to 
gradual  thinning  of  the  leading  plasma  edge.  This  dynamics  can  be  interpreted  as  a  formation 
the  so-called  h!i1  shock-wave  described  in  [1].  In  our  simulations,  due  to  rather  sharp  density 
gradient  chosen  initially,  the  maximum  plasma  density  perturbation  starts  frorn  the  near-cathode 
region.  The  simulation  confirms  that  the  conduction  phase  is  terminated  when  the  axial 

thickness  of  the  plasma  leading  edge,  Az,  becomes  smaller  than  the  value  c/copi,  where  copi  is 
the  ion  plasma  frequency.  Therefore,  transition  to  the  opening  is  determined  simply  by  the 
condition  Az  <  c/copi  [1].  During  the  opening  phase  (Fig.  2)  the  magnetic  field  propagates 

rapidly  through  the  plasma  neck  Az  and  fills  in  the  load  volume  during  the  tg  ~  150  ns 
(typical  opening  time  value  for  a  ps  POS).  This  propagation  is  governed  by  the  Hah  terns  m 
Eqn  (5)  which  now  dominate.  Therefore,  the  plasma  neck  can  be  further  described  in  the 
framework  of  Electron  Magnetohydrodynamics  (EMH)  [3].  The  final  phase  3) 
characterized  by  the  enhanced  diffusion  of  the  magnetic  field  throughout  the  plasma  bulk  (see 
Fig  2b).  The  gap  of  rarefied  plasma  recloses  under  its  own  thermal  pressure  that  m^i^  es  s 
itself  as  a  "crowbar"  of  the  load  current.  Analogous  simulatioris  but  with  classical  diffusion 
coefficient  D^  showed  the  gap  of  rarefied  plasma  density  maintained  by  the  pressure. 

Therefore,  the  rapid  switch  reclosure  observed  in  many  experiments  [6]  is  a  specific  feature  of 

the  DHall  modeling. 

Finally  in  our  simulations  the  combined  influence  of  the  Hall  effect  and  plasrna  density 
inhomogeneities  on  the  magnetic  field  dynamics  provide  good  agreement  with  typical 
experimental  results  and  qualitatively  explain  the  switch  reclosure.  The  transition  ^om  the 
coLuction  phase  to  the  opening  phase  can  be  inte^reted  as  a  transition 
Hall  plasma  in  which  the  Hall  effect  and  magnetic  field  convection  dominate.  This  MHD-EMH 
transition  occurs  due  to  the  thinning  of  the  plasma  channel  during  its  motion  and  seems  to  be  a 

common  feature  for  all  high-density  plasma  switches  with  the  initial  plasma 
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Abstract 

This  paper  describes  physical  principles  underlying  operation  of  semiconductor  opening 
switches  (SOS).  The  SOS  effect  occurs  at  a  current  density  of  up  to  60  kA/cm^  in  sihcon  p^-p- 
n-n^  structures  filled  with  residual  electron-hole  plasma  [1].  Using  a  theoretical  model  devel¬ 
oped  for  plasma  dynamic  calculations,  the  mechanism  by  which  current  passes  through  the 
structure  at  the  stage  of  high  conduction  and  the  processes  that  take  place  at  the  stage  of  cur¬ 
rent  interruption  were  analyzed.  The  dynamics  of  the  processes  taking  place  in  the  structure 
was  calculated  with  allowance  for  both  dififiisive  and  drift  mechanisms  of  carrier  transport.  In 
addition,  two  recombination  types,  viz.,  recombination  via  impurities  and  impact  Auger  re¬ 
combination,  were  at  the  basis  of  the  model.  The  effect  of  the  structure  on  the  pumping-circuit 
current  and  voltage  was  also  taken  into  account.  The  real  distribution  of  the  doped  impurity  in 
the  structure  and  the  avalanche  mechanism  of  carriers  multiphcation  were  considered.  The  re¬ 
sults  of  calculations  of  a  typical  SOS  are  presented.  The  dynamics  of  the  electron-hole  plasma 
is  analyzed.  It  is  shown  that  the  SOS  effect  represents  a  quahtatively  new  mechanism  of  current 
interruption  in  semiconductor  structures. 


Theoretical  Model 

The  equation  of  a  quasineutral  plasma  for  an  inhomogeneously  doped  semiconductor  is 
at  the  root  of  the  theoretical  model  describing  the  dynamics  of  the  electron-hole  plasma  in  a 
semiconductor  p^-p-n-n"^  structure  (Fig.  1).  For  the  holes  in  the  n-regjon  of  the  structure  the 
equation  is  of  the  form 

p  =  D,(p,N,E)-  p"  -  V,  (p,  N,E)-p'  +  Q^  ip,  N,E)-p  +  G(p,  n,  E),  (1) 


where  p  and  n  stand  for  the  concentration  of  holes  and  electrons  respectively, 

n-V'  -D^+p-V'  D 

_ « _ P  ^  P _ ^ 

X/  —  /  f 

n-V„  +p-V^ 

is  the  ambipolar  dififtision  coefficient, 

n-V,: -V^-P-V;  .V„ 


Va  = 

the  ambipolar  drift  velocity,  and 

Q.= 


n-V„  +p-V^ 


K,  ■(D„-N^  +  V„-N') 
n-V„'+p-V' 


(2) 


(3) 


(4) 
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the  parameter,  which  has  dimensions  of  the  frequency  and  allows  for  the  effect  of  doping  in¬ 
homogeneity  on  the  plasma  movement  (Z)„  and  Dp  being  diffusion  coefficients  of  electrons 
and  holes;  Vn(E)  and  Vp(E)  the  carrier  drift  velocities  allowing  for  saturation  in  a  strong  electric 
field  E  [2];  N(x)  the  difference  between  the  concentration  of  donors  Nd(x)  and  acceptors  Na(x); 
X  the  coordinate  along  the  structure  axis. 

In  the  p-region  to  the  left  of  the  p-n  junction  the  minor  carriers  are  electrons,  for  which 
an  equation  .similar  to  (1)  can  be  derived: 

h  =  D^{n,N,E)-n''-  (/t, N,E)-n'  +  Q„ {n,  N,E)-n  +  G{p, n, E),  (5) 


where  Da  and  Va  are  ambipolar  coefficients  (2)  and  (3)  in  eqn  (1),  while 


■i-Dp-N^  +  V^-N') 
n-V^+p-V^' 


(6) 


and  has  the  same  meaning  as  Qp  in  the  equation  for  holes. 

The  carrier  generation  rate  G(p,n,E)  allows  for  the  following  elementary  processes:  the 
Shockley-Read-Hall  recombination  via  deep  impurities  [3];  the  Auger  recombination  [4];  ioni¬ 
zation  processes  in  a  strong  field  [5]  taking  into  accoimt  the  effect  of  free  carriers  on  the  ioni¬ 
zation  coefficient  [6]. 

The  approximation  of  the  ohmic  contact  at  the  structure  boundaries  was  used  as  the 
boimdary  conditions  for  eqns  (1)  and  (2).  The  electric  field  was  determined  using  the  continuity 
equation  for  the  current  density  allowing  for  the  displacement  current.  To  take  proper  account 
of  the  mutual  effect  of  the  pumping  circuit  and  the  SOS,  the  set  of  equations  (1)  —  (2)  was 
solved  simultaneously  with  KirchhoflP  s  set  of  equations. 


Plasma  Dynamics  under  the  SOS-Effect  Regime  and 

the  Current  Interruption  Mechanism 

Below  we  present  results  of  calculations  of  a  typical  SOS,  which  comprises  196  series- 
connected  p^-p-n-n^  structures  with  the  cross-sectional  area  of  0.24  cm^,  cormected  in  a  two- 
loop  pumping  circuit  [1]  having  the  following  parameters  under  the  short-citcuit  regime: 
charging  voltage  =  100  kV;  forward  pumping  time  =  490  ns;  forward-pumping  current  ampU- 
tude  =  0.47  kA;  reverse  pumping  time  =125  ns;  reverse-pumping  current  amphtude  =1.8  kA. 

The  general  time  dependence  of  the  current  flowing  through  the  SOS  and  the  voltage 
across  the  SOS  is  shown  in  Fig.  2.  During  forward  pumping,  when  the  p-n  jimction  is  conduct¬ 
ing  forward,  the  electric  field  makes  the  holes  drift  from  the  p-region  to  the  base  of  the  diode 
and  then  to  the  high-doped  n^-region,  while  the  electrons  move  in  the  opposite  direction  from 
the  n-region  and  gradually  occupy  the  p-region  of  the  structure.  Consequently,  two  plasma 
waves  propagate  in  opposite  directions  from  the  p-n  junction.  Given  equal  conditions,  the  speed 
of  the  electrons  is  an  order  of  magnitude  higher  than  that  of  the  holes  and  the  electron  wave 
reaches  the  outer  boundary  of  the  structure  in  ~300  ns,  while  the  holes  do  not  manage  to  pass 
the  n^-regjon  of  the  diode  (see  Fig.  3). 

During  forward  pumping  the  basic  contribution  to  the  total  resistance  of  the  diode  is  due 
to  the  base  region  of  the  p^-p-n-n^  structure,  because  the  concentration  of  charge  carriers  is  at  a 
minimum  there.  At  the  initial  stage  of  pumping  the  density  of  current  flowing  in  the  diode 
grows  faster  than  the  base  resistance  drops.  As  a  result,  a  positive  voltage  peak  arises  at  the 
switch  (see  Fig.  2)  and  a  region  of  a  strong  electric  field  is  formed  in  the  base.  After  the  diode 
resistance  becomes  lower  than  the  impedance  of  the  circuit  and  the  load  resistance  and  up  to 
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Fig.1.  The  doping  profile  of  a  typical  semiconductor  p^-p- 
n-n"^  structure.  Solid  line  —  distribution  of  donors;  dashed 
line  —  distribution  of  acceptors.  The  vertical  errror 
indicates  position  of  the  p-n  junction. 


the  moment  of  current  interruption  the  SOS  operates  as  a  current  generator.  Note  that  after  the 
base  is  occupied  with  carriers,  the  plasma  moves  counter  to  the  electric  field  in  the  base. 

At  the  end  of  forward  pumping  most  of  the  plasma  is  concentrated  in  high-doped  re¬ 
gions  of  the  diode  (Fig.  3).  As  soon  as  the  flow  of  current  through  the  switch  is  reversed, 

plasma  starts  returning  to  the  p-n  jxmction 
plane.  Note  that  the  major  part  of  the  plasma 
moves  slower  than  the  plasma  front.  As  a 
result,  the  plasma  profile  fronts  become 
sharper  first  in  the  p-regjon  and  then  in  the  n- 
region  of  the  structure.  After  sharp  fronts  are 
formed  in  the  spatial  distribution  of  the 
plasma  the  regions  of  the  p^-p-n-n^  structure 
behind  the  fronts  turn  out  to  be  almost  free  of 
injected  charge  carriers.  In  these  regions  cur¬ 
rent  is  transferred  solely  by  major  carriers 
whose  concentration  is  minimum  on  the  outer 
side  of  the  plasma  fronts  and  the  particles 
move  at  the  saturation  speed  of  ~  100  pm/ns. 

When  the  plasma  front  comes  to  the 
region  where  major  carriers  cannot  transfer 
current  through  the  switch,  a  strong  field  arises  near  the  plasma  front  (Fig.  4),  leading  to  an 
intensive  impact  ionization  of  the  semiconductor.  This  encourages  formation  of  additional  free 
carriers,  which  transfer  current  through  the  structure.  At  the  given  stage  a  high-resistance  re¬ 
gion  appears  in  the  high-doped  region  of  the  diode.  As  a  result,  current  is  interrupted  in  and 
voltage  grows  across  the  switch.  Note  that  the  beginning  of  the  current  interruption  is  in  no  way 
connected  with  the  principle  according  to  which  the  charge  introduced  in  the  structure  during 

forward  pumping  must  be  equal  to  the  charge 
removed  from  the  structure  during  reverse 
pumping.  This  is  of  principal  importance  for, 
e.g.,  drift  step-recovery  diodes  (DSRD)  [7]. 

At  the  stage  of  cmrent  interruption  a 
characteristic  region  of  a  strong  electric  field 
with  clearly  defined  boimdaries  appears  in  the 
p^-p-n-n*  structure  (Fig.  4).  The  left-hand 
boimdary  of  the  distribution  E{x)  changes  its 
position  Httle  if  at  aU,  while  the  right-hand 
boundary  moves  towards  the  p-n  junction. 
The  increase  in  the  size  of  the  field  is  the 
physical  reason  for  the  growth  of  voltage 
across  the  switch.  The  volume  charge  compa¬ 
rable  in  value  with  the  concentration  of  major 
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Fig. 2.  Time  dependence  of  the  current  in  the  interrupter 
(solid  line)  and  the  voltage  across  the  Interrupter  (dashed 
line). 


carriers  is  formed  only  in  narrow  regions  with  high  gradients  of  E(x). 


Conclusion 

The  analysis  of  the  dynamics  of  the  electron-hole  plasma  in  a  semiconductor  structure, 
which  was  performed  at  current  densities  and  pumping  pulse  time  characteristic  of  the  SOS 
effect,  suggests  the  following: 
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Rg.3.  Distribution  of  electron  (solid  line)  and  hole 
(dashed  line)  concentrations  at  f  =  509  ns. 

1.  Removal  of  all  residual  plasma  from  the 

structure  is  not  a  mandatory  condition  for 

sharp  interruption  of  reverse  current.  By  the 

beginning  of  current  interruption  the  central 

portion  of  the  base  still  contains  an  electron-  o  too  200  300 

hole  plasma  wfrose  concentration  is  nearly  two  coordinate,  pm 

orders  ofmagnitude  higher  than  the  level  of  the  of  elytron  (solid  line)  and  hole 

^  ^  ^  (dashed  line)  concentrationsj  the  electric  field  profile 

base  doping  (see  Fig.  4).  The  beginning  of  cur-  (solid  line)  and  the  ambipolar  velocity  of  plasma  move- 
rent  interruption  is  independent  of  the  principle  oient  (dashed  line)  at  f  =  6i  i  ns. 
of  the  equahty  of  the  charge  introduced  in  ie  structure  during  forward  pumping  and  that  re¬ 
moved  from  Ae  structure  during  reverse  ptimping. 

2.  Current  interruption  depends  on  the  processes  taking  place  in  narrow  high-doped  regions  of 
the  p'^-p-n-n'^  structure.  It  has  a  dynamic  character  and  can  be  independent  of  the  formation  of  a 
spatially  expansive  volume  charge  owing  to  an  intensive  avalanche  multiplication  of  carriers  in 


a  strong  electric  field. 

So,  the  SOS  effect  differs  quahtatively  from  other  principles  of  current  switching  in 
semiconductor  devices:  the  process  of  current  interruption  develops  not  in  the  base  of  the 
structure  but  in  narrow  sections  located  in  high-doped  regions.  The  base  of  the  structure  re¬ 
mains  to  be  fi[lled  with  a  dense  residual  plasma.  It  is  this  factor  that  allows  combining  a  high 
density  of  the  interrupted  current  and  nanosecond  cut-off  time. 
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Abstract 

This  paper  shows  that  a  5  ~  15%  mixing  inhomogeneity  of  the  deuterium  (D)  and 
tritium  (T)  concentrations  in  a  D-T  pellet  still  gives  a  sufficient  fusion  energy  output  in 
D-T  inertial  confinement  fusion  (ICF).  Numerical  and  analytical  studies  support  this  new 
result  as  long  as  the  D  and  T  total  amounts  are  equal  and  the  implosion  process  is  stable. 
This  result  means  that  fusion  energy  output  and  burn  process  are  rather  insensitive  to 
the  initial  inhomogeneous  fuel  mixing  in  the  D-T  ICF  pellet. 

Introduction 

In  deuterium(D)-tritium(T)  inertial  confinement  fusion  (ICF)  a  fuel  pellet  is  compressed 
to  about  a  thousand  times  the  solid  density.  The  fuel  compression  ratio  is  extremely  high. 
Therefore,  the  requirement  for  implosion  uniformity  is  quite  stringent  [1]:  the  tolerable 
nonuniformity  during  the  implosion  is  only  a  few  percent.  The  nonuniformity  arises  from 
the  driver  energy  illumination  nonuniformity,  the  pellet  structure  nonuniformity  and  the 
Rayleigh- Taylor  (R-T)  instability.  In  addition,  other  causes  may  be  the  imbalance  of  the 
contents  of  the  D  and  T  fuels  [2],  and  also  the  inhomogeneous  mixing  of  the  initial  D-T 
fuel  concentrations  [3].  The  fuel-content  imbalance  in  the  D-T  pellets  has  already  been 
studied  (2):  a  30  %  content  imbalance  still  gives  sufficient  fusion  energy  output. 

In  this  paper,  we  study  the  effect  of  inhomogeneous  mixing  (Fig.l)  of  the  D-T 
fuel  concentrations  on  the  fusion  energy  output.  In  a  D-T  pellet,  we  may  have  the 
inhomogeneously-mbced  frozen  D-T  fuel  in  a  pellet  fabrication  process,  although  the  total 
amounts  of  D  and  T  are  equal.  The  inhomogeneous  mixing  of  D  and  T  fuels  may  influence 
the  DT  burn  and  the  fusion  energy  output,  and  induces  the  mass-density  nonuniformity. 
In  this  paper  we  study  on  the  inhomogeneous  mixing  effect  on  the  fusion  energy  out¬ 
put.  The  mass-density  nonuniformity  is  discussed  briefly  at  the  end  of  this  paper.  A 
one-dimensional  numerical  simulation  presents  that  a  40  %  mixing  inhomogeneity  of  the 
D  and  T  concentrations  still  gives  a  sufficient  fusion  energy  output,  as  long  as  the  total 
amounts  of  the  D  and  T  are  equal.  However  an  estimation  for  nonuniform  implosion 
suggests  that  the  tolerable  mixing  inhomogeneity  of  the  deuterium  (D)  and  tritium  (T) 
is  5  ~  15%.  This  result  means  that  fusion  energy  output  and  burn  process  are  rather 
insensitive  to  the  inhomogeneous  fuel  mixing  in  the  D-T  ICF  pellet. 

Inhomogeneously-mixed  D  and  T  Fuels 

In  order  to  study  the  effect  of  inhomogeneous  mixing  of  the  D  and,  T  concentrations 
(Fig.l)  on  fusion  energy  output,  we  performed  a  one-dimensional  computer  simulation 
which  includes  the  equations  for  the  D-T,  D-D  and  D-Hg  reactions  [2].  In  the  simulation. 
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the  three-temperature  fluid  model[4]  is  employed  and  the  fuel-burn  process  is  computed 
[5].  The  diffusion  equation  is  solved  for  alpha  particle  transport,  and  neutrons  escape 
freely.  Electron  and  radiation  heat  conductions  [4,6]  are  also  included  by  the  flux-limited 
diffusion  model.  The  SESAME  library  is  used  for  the  equation  of  state.  As  the  initial 
condition  for  the  zeroth-order  unperturbed  profile,  we  employ  the  constant-pressure  model 
[7],  in  which  the  temperature  of  the  inner  hot  spot  is  10  keV,  that  of  the  outer  part  is 
3.33keV,  the  density  rioh  is  333  times  the  solid  density  at  the  hot  spot,  and  the  density 
noout  is  1,000  times  the  solid  density  at  the  outer  part.  In  our  simulation,  the  initial  pR  for 
the  hot  spot  is  0.5g/cm^  and  is  fixed,  when  the  total  pR  value  is  changed  in  the  parameter 
studies.  Our  D-T  pellet  has  no  tamper.  The  density  perturbations  for  the  D  and  T  are 
imposed  to  the  zeroth-order  density  profile  no{r),  so  that  the  D  and  T  total  amounts  are 
equal: 

no  =  no(r)/2  +  (5{no»i,«/2}Fyv(’"/w),  (1) 

Ut  =  no(^)/2  -  <5{no<5uj/2}iV(’"Aout).  (2) 

Here  6  is  the  perturbation  amplitude,  N  —  2n  +  2,  (n  =  1,2,3,...),  and  Pn{R)  is  the 
Legendre  function  which  satisfies  the  following  equation:  Jq  R^PN{R)dR  =  0  Because  of 
this  property  of  the  Legendre  function,  we  can  guarantee  that  the  D  and  T  total  amounts 
are  equal.  This  initial  density  profile  may  be  obtained  during  the  implosion  process,  in 
which  we  may  have  some  instabilities.  During  a  D-T-pellet  fabrication,  a  pellet  may  have 
the  inhomogeneous  mixing  of  the  D  and  T  fuels,  although  the  D  and  T  total  amounts  can 

be  controlled  to  be  equal.  As  a  result  of  some  instabilities  and  implosion  nonuniformities, 

the  pellet  may  have  the  mixing  inhomogeneities.  Our  initial  condition  is  an  example  of 
the  inhomogeneities. 

Figure  1  presents  the  relations  between  the  normalized  fusion  energy  output  and  5 
for  pR—  3  g/cm^.  Figure  1  shows  that  a  40  %  mixing  inhomogeneity  of  the  D  and  T 
concentrations  in  the  D-T  pellet  still  gives  a  sufficient  fusion  energy  output. 

In  order  to  estimate  the  inhomogeneous  mixing  effect  of  the  D  and  T  concentrations 
on  fusion  energy  output,  we  employ  the  following  simplified  reaction  equations  for  the  D 
and  T: 


dTix/dt  —  —tidTIx  <  (yv  >dt  TwI)  <  cv  >dd  /4  ^2^ 

—  >DT  +  <  (TV  >DD  /4) 

dno/dt  ~  —udUt  <  crv  >dt  —tid  <  >dd 

—  (TV  >dT  +  <  (TV  >Dd) 

Here  <  crv  >  shows  the  fusion  reaction  rate  and  t  the  time.  In  this  analysis,  we  assume 
that  the  temperature  is  constant  in  time  and  6  «  noout-  For  simplicity  of  analysis,  the 
density  profile  is  assumed  to  be  constant  (noout)  in  space.  Then  we  can  estimate  the  fusion 
energy  output  E/  as  follows: 

Ef  —  J  dt  J  driirr^efUDriT  <  <TV  >dt 

~  Airref  <  av  >dt  J  drr^nonT  (5) 

cc  /  dvr^noriT 

Here  e;  is  the  fusion  energy  by  one  D-T  reaction,  and  r  the  confinement  time.  A  further 
calculation  gives  us  the  following  expression: 
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(6) 


J  drr^nDTiT  — 


Here  A  =  5  x  PN{r/rout),  Fi  =  AB, 

=  1  +  {uQoutT/2)  (<  av  >dt  ~  <  O'!;  >dd  /4) , 

B  =  \  +  (wooti«7"/2)  (<  crv  >dt  +  <  '>dd)  ■, 

F2  =  {nQoutT/2){<  (TV  >dt  -  <  (TV  >dd  /4)M  ~  (%ou«'r/2)(<  (TV  >dt  +  <  av  >dd 
)/B,  and  F^  =  (wo(,„jr^/4)(<  crv  >£)j’  —  <  av  >dd  /4)(<  crv  >£)r  +  <  av  >dd)/ Fi.  The 
first  term  of  the  righthand  side  of  Eq.(4)  comes  from  the  D-T  reaction  by  the  zeroth-order 
of  the  D-T  density(noo«<)-  Prom  the  relation  of  Jq  R^Pi^{R)dR  =  0,  N  —  2n  +  2,  (n  — 
1, 2,3, ...),  the  second  term  of  the  righthand  side  of  Eq.(4)  vanishes  approximately,  if  we 
assume  that  the  reaction  rate  <  crv  >  does  not  depend  on  r.  This  estimation  result  shows 
that  the  second  order  of  the  mixing  inhomogeneity  S  influences  the  fusion  energy  output, 
as  long  as  the  D  and  T  total  amounts  are  equal.  Therefore,  the  fusion  energy  output  is 
insensitive  to  6{«  1),  and  the  decrease  in  the  fusion  energy  output  is  expected  to  be 
small. 


Discussions 

In  this  paper,  we  presented  a  numerical  and  analytical  study  of  the  effect  of  inhomo¬ 
geneous  mixing  of  the  D  and  T  concentrations  on  fusion  energy  output  in  a  DT-ICF  fuel 
pellet.  We  found  that  a  40%  mixing  inhomogeneity  of  the  D-T  fuel  concentrations  in  a 
D-T  fuel  pellet  can  still  give  a  sufficient  fusion  energy  comparable  to  that  of  a  pellet  which 
contains  deuterium  and  tritium  homogeneously.  This  means  that  the  D-T  fusion  energy 
output  is  rather  insensitive  to  mixing  inhomogeneities  of  the  D-T  fuel  concentrations,  as 
long  as  the  total  D  and  T  amounts  are  equal  in  the  D-T  pellet.  This  result  comes  from 
the  following  fact:  during  the  burn,  only  a  fraction  of  the  fuel  is  burned  and  the  remain¬ 
der,  usually  about  60  to  70%,  remains  inert.  Consequently,  the  fusion  energy  output  and 
the  burn  process  seem  to  be  insensitive  to  the  inhomogeneous  mixing  of  the  D  and  T 
concentrations. 

In  our  one-dimensional  analyses,  we  did  not  include  instability  effects  on  the  energy 
output.  If  the  pellet  has  mixing  inhomogeneities  during  implosion  and  burn  phases,  the 
pellet  has  a  mass-density  fluctuation,  and  may  suffer  the  R-T  and  other  instabilities.  This 
should  be  studied  in  detail  in  the  near  future.  Here  we  discuss  on  this  point  briefly.  When 
a  DT  pellet  has  the  initial  DT  mixing  inhomogeneity 

no  =  {no/2}{l  +  A),nT  =  {no/2}(l  -  A),  (7) 

the  pellet  has  the  following  mass-density  nonuniformity: 

p  =  po[l  +  {rriD  -  mT}/{mD  +  mr}A]  =  po[l  -  A/5]  (8) 

The  tolerable  nonuniformity  may  be  a  few  percent  [Ij.  If  we  impose  this  nonuniformity 
requirement,  the  tolerable  DT  mixing  inhomogeneity  may  be  about  5  times  a  few  percent, 
that  is,  5  ~  15%. 
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Fig.  1  The  initial  density  pixililes  Ibr  D  and  T  widi  the  perturbation  for  pRF4g/an^,  5=0.3  and  the  mode  N=6. 
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Pig.2  The  relation  between  the  normalized  fusion  energy  output  and  5  for  pR-  3g/cm^ 
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Abstract 

In  this  paper  we  discuss  a  concept  of  a  large-size-pellet  ion-beam  inertial  confinement 
fusion(ICF)  in  which  a  DT  fuel  pellet  is  more  than  several  tens  mg.  In  the  large-size- 
pellet  IGF  the  fuel  is  compressed  to  less  than  1000  times  the  solid  density,  for  example 
about  100  times  the  solid  density  in  order  to  realize  pR>  1  2,gl err? .  Because  of  the 
low  compression  ratio,  constraints  required  for  the  uniform  fuel  implosion  are  relaxed 
compared  with  those  for  a  high-compression  implosion  of  a  small  pellet.  This  concept 
of  the  large-size-pellet  implosion  may  present  another  approach  to  IGF.  In  this  paper 
we  present  a  simple  estimation  for  the  concept  and  one-dimensional  numerical  analyses 
for  the  laxge-size-pellet  implosion.  A  simple  linear  estimation  for  the  Rayleigh- Taylor 
instability  presents  that  the  fuel  pellet  may  not  be  destroyed  by  the  instability. 

Introduction 

A  large  number  of  studies  for  inertial  confinement  fusion  (IGF)  have  been  performed.  [1- 
4]  The  researches  have  been  concentrated  on  a  small-size-pellet  DT  IGF.  The  small  pellet 
is  compressed  to  about  1000  times  the  solid  density  in  order  to  extract  the  fusion  energy 
in  a  short  time  with  a  high  burn  rate  and  to  save  the  input  driver  energy.  The  requirement 
for  uniform  compression  of  the  small  pellet  is  quite  stringent:  [1-3]  it  is  well  known  that 
the  nonuniformity  should  be  suppressed  less  than  a  few  %  in  order  to  attain  the  high 
compression.  One  of  other  approaches  to  IGF  may  be  a  low-compression  one,  which  is 
presented  and  discussed  in  this  paper.  In  the  low-compression  scheme,  a  fuel  should 
contain  a  larger  DT  mass  compared  with  that  in  a  high- compression  pellet  in  order  to 
attain  pR  >  1  ~  ^g/cm?'.  Because  of  the  low  compression  ratio  and  the  large  size  of 
pellet,  the  low-compression  scheme  relaxes  the  uniformity  requirement  and  the  driver- 
energy-focusing  one,  which  is  quite  severe  especially  in  Light-Ion-Beam  IGF  approaches. 

The  purpose  of  this  paper  is  to  point  out  that  a  large  pellet  is  robust  against  the 
nonuniform  implosion  compared  with  the  small  pellet,  and  that  sufficient  fusion  energy 
output  may  be  obtained  in  the  large-pellet  impact  IGF. 

Concept  of  Large-Size-Pellet  ICF 

One  of  the  main  objectives  in  the  large-size-pellet  IGF  is  to  reduce  the  fuel  density 
compression  ratio.  Because  of  the  low  compression,  the  uniformity  requirement  can  be 
relaxed. 

The  input  energy  being  required  to  compress  and  heat  the  fuel  is  estimated  by  the  sum 
of  the  heating  energy  Wh  =  SSSMoxhTi  J  and  the  energy  (pressure  work)  to  compress 
the  fuel.  Here  Mdth  is  a  fraction  of  the  fuel  {Mdt  mg)  heated  up  to  Ti  eV  by  the 
input  energy,  and  its  radius  is  assumed  to  be  3  times  the  radius  at  which  a  produced 
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o  particle  stops.  In  the  calculation  for  the  pressure  work,  electrons  are  assumed  to  be 
in  the  perfect- degenerate  gas  state.  The  pressure  work  is  Wp  =  —  \)Mdt  Jj 

where  k  is  the  density  compression  ratio.  In  this  section  we  employ  the  following  typical 
parameter  values  in  DT  ICF;  pR  =  Zglcrn?^  the  implosion  efficiency  is  5%,  Tjd  =20%, 
M  =1.1,  fa  =0.1,  Ti  =  5keV  and  rjt  =45%.  Finally  we  obtain  the  relation  between  the 
compression  ratio  and  the  input  energy,  as  shown  in  Fig.l;  the  numerical  values  beside 
the  line  denote  the  total  DT  mass.  For  the  large  pellet  containing  about  1  gram  of  the 
DT,  the  required  density  compression  ratio  is  rather  low  and  is  less  than  100. 

The  implosion-uniformity  requirement  can  be  estimated  as  follows:  first  the  nonunifor¬ 
mity  of  implosion  speed  Svimp  is  estimated.  From  the  approximate  relations  of  Rq  Vimptf 
and  6R  =  6v^rnptf,  Svimp/vimp  =  6R/Ro  =  m/R){R/R^)  =  miR)K-^/\  Here  i?o_is 
the  initial  radius,  R  the  final  radius  of  the  pellet  and  k  the  volume  compression  ratio. 
On  the  other  hand  pR  is  proportional  to  and  6{pR)/{pR)  =  (1  +  SR/R)  Then 
5R/R  =  {6{pR)/{pR)}~'^^‘^  -  1.  Combining  these  relations,  we  obtain  A  =  dvimp/vimp  = 
{{6{pR)/{pR)}~^^‘^  —  From  this  result  Aiow-p/ ^high-p  =  {nhigh-plK-iow-pY^^- 

Here  Akigh-p  shows  the  nonuniformity  in  the  conventional  high-compression  scheme  and 
Aiow-p  presents  one  in  the  large-pellet  ICF,  for  the  fixed  allowable  6{pR)/{pR)-  For 
the  high-compression  scheme  the  volume  compression  ratio  Khigh-p  is  about  10000,  and 
for  the  large-pellet  ICF  Kiow-p  b®  ^  hundreds  to  500  in  our  pellet  employed  in 
this  paper.  Therefore  the  factor  of  Aiow-p/ Ahigh-p  is  about  2.7~4.  Consequently  the 
nonuniformity  tolerance  in  the  large-size-pellet  ICF  is  2.7~4  times  larger  than  that  in  the 
high-compression  ICF.  The  nonuniformity  of  about  5~8%  may  still  give  sufficient  fusion 
energy  output  in  the  large-pellet  ICF.  This  result  confirmed  that  the  large  pellet  is  rather 
stable  against  the  nonuniformity  compared  with  the  conventional  small  pellet. 

Simulation  Results  and  Stability 

Our  simulation  was  performed  by  a  one-dimensional  hydrodynamic  Lagrangian  code. 
In  order  to  simulate  the  large-size  pellet  we  employ  the  three-temperature  model. 

Figure  2  shows  a  fuel  pellet  structure  employed  in  this  study.  The  numerical  simulation 
is  started  at  the  instant  when  the  ion-beam-deriven-accelerated  projectile  impacts  on  the 
pellet  surface.  A  DT  gas  is  located  at  the  pellet  center.  The  projectile  is  made  of  the 
solid  Pb  and  is  accelerated  to  120  km/s. 

Table  1  shows  the  parameter  values  employed  in  the  simulation  and  a  part  of  the  results 
obtained.  Figure  3  presents  the  radius-time  diagram.  By  the  initial  shock  wave,  first  the 
inner  DT  gas  reacts  slightly  at  about  34  nsec.  At  this  time  the  main  DT  is  not  yet 
ignited(see  Fig.6).  After  the  further  compression,  the  DT  gas  is  ignited  and  burned  at 
the  time(~67  nsec)  of  the  maximum  compression.  The  main  DT  fuel  is  also  heated  up 
by  the  alpha  particles  produced  in  the  DT  gas.  Then  the  main  DT  fuel  is  ignited  a.nd 
burned  in  a  mianner  of  a  volume-compression  scheme.  In  this  particular  case  the  implosion 
efficiency  is  about  3.5%.  The  maximum  pR  is  6.84g/cm^.  The  peak  DT  number  density 
is  383  times  the  solid  density.  The  fusion  energy  output  is  64.2GJ  and  the  pellet  gain 
is  428.  The  burn-up  ratio  is  76.2%  in  this  case.  This  high  burn  ratio  is  consistent  with 
the  high  pR  and  the  long  burn  time.  The  burn  time  duration  is  longer  than  2  nsec  (see 
Fig.8),  that  is  rather  long  compared  with  that  in  a  conventional  small  pellet. 

Based  on  the  numerical  results  presented  above,  we  also  performed  a  simple  linear 
estimation  for  the  R-T  instability  growth.  [4]  In  order  to  evaluate  the  growth,  we  computed 
qr,  which  can  be  estimated  by  the  following  integral;  qr  Jq  dty/A^  Here  A  is  the 
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Atwood  number,  g  the  acceleration  which  is  obtained  by  the  simulation  result,  r  the  time 
interval  during  which  the  R-T  instability  takes  place,  and  k  the  wave  number  which  is 
estimated  by  27r/(the  thickness  of  the  layer  concerned).  In  our  simulation  the  interface 
between  the  solid  DT  and  the  pusher  is  in  danger  of  the  R-T  instability.  The  histories 
of  the  growth  rate  7  and  the  growth  factor  7r  are  presented  in  Fig.4.  The  instability 
is  found  during  the  deceleration  phase  by  the  reflected  strong  shock  wave  (mode  1)  and 
the  stagnation  phase  (mode  2).  (At  the  very  beginning  of  the  implosion  we  have  another 
unstable  mode  (mode  0).  However  7r  <  1  for  the  mode  0,  because  of  the  small  k  and 
7.)  ')Ta  is  about  3.8  during  the  stagnation  phase  (mode  2)  for  the  interface,  •yrd  is  about 
2.0  during  the  deceleration  phase  (mode  1)  by  the  reflected  shock.  We  believe  that  these 
values  are  not  too  large  in  the  large-pellet  ICF. 

These  estimation  results  present  that  the  large-size  pellet  may  not  be  destroyed  bv  the 
R-T  instability. 

Conclusions  and  Discussions 

In  this  paper  we  proposed  the  concept  of  the  large-pellet  ICF,  and  discussed  about 
it  based  on  the  hydrodynamic  computer  simulations  and  the  simple  estimations.  The 
results  of  this  work  demonstrate  that  the  large-pellet  ICF  scheme  may  supply  sufficient 
fusion  energy  output.  The  results  of  the  researches  also  show  that  the  large  pellet  may  be 
robust  against  the  nonuniformity  compared  with  the  small  pellet.  We  also  performed  the 
linear  estimation  for  the  R-T  instability  growth  based  on  the  one-dimensional  simulation 
results.  The  linear  analyses  present  that  the  large-pellet  implosion  may  be  rather  stable. 
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Table  1.  Parameter  values  employed  and  Results 


PARAMETER 

VALUE 

DT  gas  layer  radius 

5.00  [mm] 

(DT  gas  density)/(DT  solid  density) 

1/10000 

DT  solid  layer  thickness 

2.43  [mm] 

Total  DT  fuel  mass 

0.250  [g] 

Pusher  thickness 

0.500  [mm] 

Pb  projectile  thickness 

1.86  [mm] 

Pb  projectile  speed 

120  [km/s] 

Input  energy 

150  [MJ] 

Maximum  DT  ion  temperature 

11.6  [keV] 

Maximum  pR 

6.84  [g/cm^] 

Maximum  compression  ratio  of  the  DT  fuel 

383 

Fusion  energy  output 

64.2  [GJ] 

Pellet  gain 

428 
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Recently,  Baumung  et  al.  (1995)  observed  a  nontrivial  slowing  down  of  an  ablatively 
accelerated  aluminum  foil  striking  a  non-moving  LiF  crystal.  We  analyze  these  exper¬ 
iments  using  a  radiation-hydrodynamic  code.  Isolating  different  involved  phenomena 
we  conclude  that  the  behaviour  observed  in  the  experiment  is  caused  by  the  radia¬ 
tive  transport  of  heat  energy  from  the  hot  ablated  plasma  into  the  cold  accelerated 
aluminum  flyer. 


1.  Introduction 

In  foil  acceleration  experiments  performed  with  the  high-voltage  pulsed  power  generator  KALIF, 
intense  proton  beams  generated  in  the  ion  diode  are  used  to  irradiate  thin  foils,  thus  generating 
ultrahigh  pressures  of  up  to  60  GPa  in  condensed  matter.  Once  the  proton  beam  starts  depositing 
energy  inside  the  foil,  a  part  of  the  matter  is  ablated  and  heated  to  high  temperatures.  The 
high  pressure  of  this  plasma  then  drives  a  compression  wave  into  the  remaining  solid  and  cold 
part.  At  the  rear  surface  of  the  target  (interface  between  solid  state  and  vacuum,  the  so- 
called  “free  surface” )  the  compression  wave  is  reflected  as  a  release  wave  running  back  into  the 
target,  the  release  wave  is  reflected  at  the  ablation-plasma  boundary  as  a  pressure  wave,  and  so 
on.  Experiments  as  well  as  numerical  simulations  show  that  these  wave  reverberations  in  the 
condensed  part  of  the  foil  lead  to  a  stepwise  increase  of  the  targets  rear-surface  velocity,  and 
ablatively  driven  velocities  of  up  to  12km/s  have  been  measured  in  these  experiments. 

Recently,  Baumung  et  al.  (1995)  presented  velocity  measurements  of  an  ablatively  accelerated 
aluminum  foil  striking  a  stationary  target.  In  these  experiments,  a  laser-Doppler  interferometer 
records  the  rear-surface  velocity  of  the  Al-foil  of  71  /xm  initial  thickness  through  a  non-moving 
LiF-window  (thickness  about  5  mm)  initially  placed  at  a  pre-defined  distance  behind  the  Al-foil. 
The  collision  of  the  Al-flyer  with  the  LiF-foil  generates  two  compression  waves  propagating  into 
both  materials  and  leads  to  a  typical  velocity  signal  as  shown  in  Fig.  1  at  about  55  ns.  Because 
of  the  nearly  identical  dynamic  properties  of  the  two  materials  the  flyer  velocity  first  drops  to 
about  one  half  of  its  impact  velocity,  remains  almost  constant  until  the  pressure  wave  generated 
in  the  flyer  reaches  the  ablation-plasma  interface,  and  finally  starts  to  drop.  The  dashed  curve 
shown  in  Fig.  1  is  a  simplified  model  of  a  collision  of  two  “cold”  targets,  i.e.  the  collision  of  two 
cold  foils  with  an  impact  velocity  taken  from  the  experiment  and  a  flyer  thickness  of  48.5  pm 
{—  initial  thickness  minus  range  of  1.5  MeV-protons).  Compared  to  the  experimental  results  of 
Fig.  1,  two  remarkable  differences  are  noticed:  In  the  experiment  the  “velocity  plateau”  after 
the  impact  is  shorter  and  the  decrease  of  the  “velocity  tail”  is  less  steep  than  expected  from  the 
cold-target  estimates.  In  the  following  sections,  these  differences  axe  examined  in  more  detail 
by  numerical  simulations  performed  with  the  hydrodynamic  code  KATACO  (Goel  et  al.  1993). 

2.  Model  Calculations 

Since  the  wave  reverberation  inside  the  cold  part  of  the  Al-foil  is  a  quasi-periodic  phenomenon 
with  the  period  slightly  changing  in  time  due  to  changes  of  the  target  thickness,  one  may  define 
a  phase  of  the  pressure  wave,  $,  starting  with  $  =  0  at  that  time  when  the  pressure  wave  just 
reaches  the  targets  free  surface.  Numerical  simulations  have  shown  that  the  “velocity  plateau” 
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Figure  1:  Measured  velocity  of  an  ablatively  accelerated  Al-foil  striking  a  stationary  target  at 
about  55  ns  (Baumung  et  al.  1995).  The  dashed  curve  is  a  simplified  theoretical  model  for  the 
impact  of  two  cold  foils  (see  text). 


Figure  2;  Simulated  velocity  evolution  of  the  LiF-Al  interface  after  the  impact  at  two  different 
phases  of  the  pressure  wave  (A:  $  =  0;  B:  $  =  tt).  In  the  inlet,  the  moments  of  impact  for  the 
two  models  are  shown  within  the  velocity  curve  of  a  free  flying  target. 


after  the  target  impact  is  in  general  not  as  flat  as  found  in  the  experiment,  but  shows  a  structure 
which  depends  on  $  at  the  time  of  impact.  Fig.  2  shows  two  computed  velocity  signals  after 
the  impact  at  two  different  phases.  In  model  A  (impact  at  $  =  0),  the  rear-surface  velocity  of 
the  flyer  drops  to  about  one  half  of  the  initial  value  but  soon  increases  by  about  Ikm/s  due  to 
acceleration  by  the  just  arriving  pressure  wave.  In  model  B  (impact  at  $  =  tt)  the  arrival  of  the 
pressure  wave  at  the  rear  surface  is  seen  as  a  velocity  hump  near  the  end  of  the  plateau.  Also, 
the  length  of  the  plateau  is  somewhat  increased  in  this  case.  In  an  experiment  it  is  difficult  to 
control  the  phase  of  impact.  Nevertheless,  from  our  simulations  we  can  estimate  that  in  the 
experiment  shown  in  Fig.  1  the  impact  took  place  at  about  0.1  •  27r. 

A  shorter  velocity  plateau  after  impact  can  in  principle  be  achieved  when  the  thickness  of 
the  remaining  solid  Al-foil  is  reduced  by  additional  evaporation  of  matter  beyond  the  proton 
range,  e.g.  by  thermal  conduction.  In  order  to  correctly  consider  the  thermal  conductivity  in 
solids,  new  thermal  conduction  coefficients  according  to  Bespalov  &  Polishchuk  (1989)  have 
been  implemeted  in  KATACO,  with  an  additive  correction  accounting  for  the  measured  value 
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Figure  3:  Computed  target  velocity  as  a  function  of  time  (impact  at  t  =  65  ns)  including  radiative 
transfer  (dashed)  and  without  radiative  transfer  (straight  line). 


shell  number 


shell  number 


Figure  4:  Temperature  and  density  structure  of  models  with  (dashed)  and  without  radiative 
transfer  (straight  lines)  at  the  time  of  impact  {t  —  65  ns). 


of  KAl=223W/Km  at  normal  density.  Nevertheless,  a  comparison  of  impact  calculations  with 
and  without  thermal  conduction  has  shown  that  this  process  is  not  responsible  for  the  observed 
reduction  of  the  final  target  thickness.  Thermal  conduction  is  only  of  minor  importance  in  these 
experiments. 

A  second  process  that  can  reduce  the  thickness  of  the  cold  Ahfoil  by  additional  evapora¬ 
tion  is  due  to  heat  transport  by  radiation.  KATACO  contains  a  formalism  for  multi-angle, 
multi-frequency  radiative  transfer.  In  these  calculations  we  used  2  angular  directions  and  10 
frequency  intervals,  with  Planck-mean  emission  and  absorption  coefficients  calculated  with  the 
code  EOSOPC  (Ping  Wang  1993).  In  Fig.  3,  the  resultant  velocities  are  compared  for  simu¬ 
lations  with  and  without  radiative  transfer,  the  corresponding  model  structures  at  the  time  of 
impact  (t  =  65ns)  are  shown  in  Fig.  4.  Indeed,  the  additional  transport  of  energy  by  radiation 
from  the  hot  plasma  to  the  cold  region  leads  to  an  additional  evaporation  (increasing  in  time) 
seen  in  the  temperature  structure  of  Fig.  4.  This  results  in  an  earlier  reflection  of  the  pressure 
wave  generated  at  impact  and  thus  in  a  shorter  plateau  of  the  rear-surface  velocity  (Fig.  3). 
The  additional  pressure  of  the  evaporation  zone  retards  the  slowing  down  of  the  aluminum  foil 
and  leads  to  a  less  steep  decrease  of  the  velocity  tail  (t<72ns  in  Fig.  3),  as  observed  in  the 
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experiment.  Furthermore,  the  pressure  of  the  evaporation  zone  reduces  the  density  gradient  at 
the  ablation  boundary  so  that  any  reflection  of  a  compression  or  a  release  wave  becomes  less 
definit.  As  a  result,  the  steps  in  the  target  velocity  already  become  rounded  before  the  impact 
takes  place  (Fig.  3).  This  behaviour  is  observed  in  the  experiments  as  well  (c.f.  Fig.  1). 

3.  Conclusions 

The  impact  experiments  depend  on  the  phase  of  the  pressure  wave  inside  the  solid  part  of  the 
flyer  at  the  time  of  impact.  Since  the  latter  is  a  complicated  function  of  the  initial  distance  d 
between  the  flyer  and  the  impactor,  as  well  as  of  the  targets  velocity  evolution  which  in  turn 
is  influenced  by  the  targets  equation  of  state  (Goel  &  Vorobiev  1996),  impact  experiments  at 
a  definite  phase  are  difficult  to  perform  and  the  corresponding  necessary  initial  distance  d  can 
only  be  found  either  by  trial  and  error  or  by  previous  numerical  simulations. 

While  thermal  conduction  was  found  to  be  unimportant  for  these  experiments,  radiative 
effects  are  not  negligible.  This  is  somewhat  surprising  at  a  first  glance.  The  usual  argument  for 
neglecting  radiation  in  numerical  simulations  comes  from  a  comparison  of  the  local  radiation 
energy  with  the  local  thermal  energy  content.  In  the  hot  plasma  generated  by  the  KALIF-B© 
diode,  the  radiation  energy  is  about  7%  of  the  thermal  energy  content,  and  it  might  be  enticing 
to  neglect  this  “small  fraction” .  However,  radiation  has  always  to  do  with  transport  of  energy, 
here  resulting  in  a  net  energy-flux  from  a  hot  plasma  into  solid  and  cold  matter.  The  resulting 
local  excess  of  radiation  energy  heats  up  these  cold  regions  until  a  new  local  thermodynamical 
equilibrium  is  reached,  and  it  is  this  non-equilibrium  effect  which  significantly  reduces  the  final 
thickness  of  the  solid  flyer  in  these  experiments.  A  more  detailed  study  of  radiative  processes  with 
higher  numbers  of  angluar  directions  and  frequency  intervals  as  well  as  numerical  computations 
with  different  equations  of  state  are  just  under  development  (Goel  et  al.  1996). 
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Abstract 

The  K„  radiation  emitted  by  A1  and  Mg  targets  when  bombarded  with  the  KALIF  pro¬ 
ton  beam  was  spectroscopically  investigated.  From  the  time  integrated  spectra  peak  tempera¬ 
tures  of  «13  eV  and  w23  eV  are  estimated  for  the  B©  diode  and  the  B^ppi  diode,  respectively. 
For  time  resolved  absorption  experiments  a  laser  system  was  set  up  to  generate  soft  x-rays  to 
be  used  as  backlighter.  The  system  and  its  properties  are  described.  Results  of  laser  induced  x- 
ray  backlighter  spectra  are  given. 

Introduction 

The  high  specific  power  deposition  of  50  to  200  TW/g  [1]  as  obtained  in  the  focus  of 
the  KALIF  proton  beam  allows  one  to  generate  a  dense  plasma  in  the  kT  =  10  ....  25  eV  reinge 
[2].  The  temperature  thus  obtained  can  be  determined  by  measuring  high  resolution  K^  x-ray 
spectra  of  low  Z  elements  contained  in  the  plasma  [3].  The  temperature  information  essential¬ 
ly  is  contained  in  the  K^  satellite  pattern.  Thin  foils  with  subrange  thickness  were  bombarded 
by  the  KALIF  proton  beam.  Both  spectroscopic  alternatives,  emission  as  well  as  absorption, 
are  applied  [4].  Emission  gives  time  averaged  temperature  information  whereas  the  absorption 
scheme  will  allow  us  to  perform  time  resolved  experiments. 

Emission  Spectroscopy 

The  x-ray  spectrometer  is  equipped  with  two  flat  crystals  that  can  be  rotated  indepen¬ 
dently.  Cleaved  RAP  and  KAP  crystals  [5]  were  used  for  X  =  0.8  to  1.6  nm.  The  spectra  were 
recorded  on  Kodak  DEF-2  x-ray  film  [6].  A  2  |im  thick  mylar  foil  with  0.05  |im  A1  coatings 
on  both  sides  (Type  B(10  HH)  by  Alexander  Vacuum  Research  Inc.)  was  used  as  spectrome¬ 
ter  entrance  window.  The  films  were  scanned  by  a  microdensitometer  which  outputs  a  film 
optical  density  =  *'^log  (1/film  transmission)  which  is  roughly  proportional  to  the  x-ray  flux  at 
the  film  position  [6]. 

The  quality  of  the  spectrometer  crystals  was  tested  by  recording  soft  x-ray  spectra 
emitted  from  a  laser  induced  plasma  (see  below).  The  crystals  were  found  to  be  similar  in 
reflectivity  and  resolution.  The  resolution  was  determined  to  be  about  1 000  for  the  RAP  and 
KAP  crystals  used. 

Emission  spectra  were  taken  with  the  Bq  diode  for  Al,  Mg,  and  NaF  targets.  With  the 
Bappi  diode  spectra  were  recorded  for  Al  and  Mg.  The  x-ray  emission  for  NaF  targets  with 
thickness  up  to  12  qm  was  found  to  be  too  weak  to  be  recorded  with  the  present  equipment. 

The  spectra  obtained  for  6  qm  thick  Al  targets  as  obtained  with  the  two  different 
KALIF  diodes  are  given  in  fig.  1 .  Both  spectra  show  a  strong  low  energy  component  which  is 
emitted  by  weakly  ionized  Al  atoms  as  is  deduced  from  calculations  [7].  The  higher  energy 
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components  are  emitted  by  higher  ionized  A1  as  indicated  in  figure  1.  Obviously,  the  Bgppi 
diode  produces  stronger  high  ionization  states  indicating  that  the  plasma  reaches  a  higher 

temperature  for  this  diode. 

A  more  detailed  discussion  of 
the  observed  spectra  required  a  cor¬ 
responding  full  calculation  for  differ¬ 
ent  temperatures,  also  including  the 
appropriate  temporal  and  spatial  av- 
0  5  eraging  corresponding  to  our  experi¬ 
mental  conditions.  Such  full  calcu¬ 
lations  are  not  available  at  present. 
There  are,  however,  results  for  fixed 
temperatures  [8]  without  averaging 
which  nevertheless  allow  some  con¬ 
clusions  concerning  the  peak  temper¬ 
atures:  The  highest  ionization  states 
appearing  in  the  two  experimental 
spectra  are  Al  V  for  the  B©  diode 
0  and  Al  VII  for  the  Bgppi  diode.  From 
a  visual  comparison  with  the  results 
Fig.  1:  emission  spectra  for  Al  targets  of  6  pm  of  the  above  mentioned  calculates 

thickness  as  obtained  with  the  two  different  KALIF  spectra  we  estimate  that  the  peak 

diode  types.  The  background  results  from  film  fog  temperatures  reached  for  the  two 

and  from  the  unshielded  part  of  the  hard  x-rays.  diodes  are  «13  eV  and  !=23  eV  for 

Bq  and  Bgppi,  respectively. 


Wavelength  [A]  Wavelength  [A] 

Target:  2  pm  Al  Target:  6  pm  Al 

Fig.  2:  K„  emission  spectra  for  Al  targets  of  2  pm  (left)  and  6  pm  (right)  thickness  as  ob¬ 
tained  with  the  Bappi  diode.  Note  that  the  ordinates  differ  by  a  factor  of  2  for  the  two  curves. 

We  have  also  investigated  the  influence  of  the  target  thickness  on  the  shape  of  the  Al 
spectra.  Fig.  2  gives  a  comparison  of  the  results  for  2  pm  and  6  pm  thickness.  It  demonstrates 
that  the  emission  intensity  is  doubled  for  a  threefold  target  thickness,  i.e.  there  is  some  self 
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absorption,  though  it  is  not  extremely  strong.  The  shape  of  the  spectra  is  about  the  same 
showing  that  the  self  absorption  for  the  different  ionization  groups  changes  only  little  under 
our  experimental  conditions. 

The  Mg  Ko(  emission  spectra  are  weaker  by  about  a  factor  of  two  as  compared  to  Al. 
This  is  in  fair  agreement  with  a  rough  theoretical  estimate  [9].  Comparative  calculations  for 
Al  and  Na  [7]  predict  slightly  lower  x-ray  fluxes  for  Na  resulting  in  a  signal  on  the  film  that  is 
down  by  a  factor  of  3.  If  we  assume  an  additional  overall  uncertainty  factor  of  two,  the  Na 
signal  might  be  just  barely  visible  with  our  present  instrumentation.  Further  investigations  are 
required  to  clarify  the  reason  why  no  Na  emission  signals  were  observed. 


Absorption  Spectroscopy 


The  absorption  scheme  requires  a  backlighter  source  that  emits  a  soft  x-ray  continu¬ 
um  in  the  respective  region.  A  laser  generated  plasma  is  used  for  this  purpose.  The  laser 

Q  system  has  a  Q  switched 
Nd:YAG  oscillator  which 
is  injection  seeded  from  a 
single  mode  cw  Nd:YV04 
laser.  Its  output  is  an  almost 
Q  diffraction  limited  pulse  of 

200  mJ  with  7  ns  duration. 
The  oscillator  output  is  am¬ 
plified  in  three  Nd:Glass 
stages  to  10...15  J  and  fre- 
Q  Qg  quency  doubled  to  4... 8  J  at 

532  nm. 

The  output  beam  is 
focused  onto  different  rare 
earth  targets  to  generate  an 
0  x-ray  emitting  plasma.  As 

an  example,  fig.  3  gives  the 
wavelength  [A]  spectrum  for  a  Dy  metal 


Fig.  3  :  Laser  induced  Dy  M  x-ray  spectrum  (upper  noisy  trace). 
Lower  trace:  Calculated  [7]  Al  absorption  lines. 


target.  Some  calculated 
absorption  features  of  Al 
[7]  are  included  as  inset. 


lens  shift  [mm] 


lens  shift  [mm] 


Fig.  4:  The  effect  of  laser  defocusing  on  the  backlighter  source  diameter  and  on  the  x-ray  in¬ 
tensity  as  obtained  from  pinhole  images.  Lens  focal  length  was  500  mm. 
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An  important  parameter  of  the  backlighter  is  its  source  diameter  since  it  can  be  a  reso¬ 
lution  limiting  factor.  Pinhole  camera  images  were  taken  to  determine  the  source  size  and  how 
critical  it  depends  on  the  focusing.  It  was  found  (cf  fig.  4)  that  tighter  focusing  leads  to  higher 
x-ray  intensities,  but  the  source  diameter  increases,  too.  However,  for  the  diameters  observed 
for  tightly  focused  laser  pulses  the  source  size  allows  for  sufficient  resolution. 

Photodiode  arrays  as  soft  x-ray  detectors 

The  x-ray  film  material  used  so  far  has  two  essential  drawbacks:  The  film  fog  causes 
an  optical  density  of  about  0.2  which  increases  with  storage  duration.  Thus  the  minimum  de¬ 
tectable  intensity  is  limited,  which  resulted,  e.  g.,  in  the  negative  Na  results  (see  above).  On 
the  other  hand,  the  highest  useful  (“saturation“)  optical  density  is  about  3.  The  saturation  to 
background  ratio  is  only  about  1 5  which  limits  the  detection  dynamic  range  considerably. 

A  photodiode  array  has  the  potential  to  extend  the  detection  range  by  its  lower  back¬ 
ground  and  its  higher  saturation  to  background  ratio.  We  therefore  also  use  self-scanning 
linear  photodiode  arrays  such  as  model  RL1024SAU-81 1  by  EG  &  G  Reticon  with  a  reduced 
protective  silicon  oxide  layer  thickness  as  soft  x-ray  detectors.  A  copper  Lei  spectrum  taken 
with  this  diode  array  is  shown  in  fig.  5;  it  demonstrates  a  signal-to-noise  ratio  superior  to  the 
corresponding  film  record. 


Fig.  5:  X-ray  spectrum  from  a  laser  generated  Cu  plasma  as  recorded  by  a  linear  photodiode 
array.  The  photon  energy  is  about  1  keV. 
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STABILITY  OF  BURNING  WAVE  IN  PRACTICAL  SIZE  OF  TARGET 
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Teikyo  Heisei  University,  Uruido,  Ichihara,  Chiba  290-01,  Japan 


Two  dimensional  simulations  show  that  the  radiation  gap  with  the  thickness  of  2  mm  plays  the  radi¬ 
ation  mixture  which  leads  the  uniform  temperature  profile  along  the  surface  of  inner  shell  of  the  indirect 
driven  target.  Non-symmetric  structure  of  the  pusher  or  fuel  layer,  for  example,  have  the  possibility  to 
induce  the  spherically  non-symmetric  implosion  motion.  As  the  momentum  of  imploding  fuel  gives  the 
vital  role  to  ignite  and  to  burn  the  fuel,  the  paper  check  the  implosion  and  the  burning  of  the  fuel  by 
using  two  dimensional  hydrodynamic  code. 


1.  INTRODUCTION 

PBFA-n  in  Sandia  National  Laboratory  has  started  to  be  used  for  the  experiment  of  beam-target 
interaction^’^L 

On  the  other  hand,  the  theories  have  been  given  for  targets  irradiated  by  ion  beams. Targets 
irradiated  by  ion  beams  analyzed  in  these  papers  are  indirect  driven  ones. 


Figure  1.  Indirect  driven  target 


Many  of  them,  however,  are  for  rather  small  targets  by  using  one  dimensional  simulation  codes.  Our 
practical  size  of  indirect  driven  target  is  given  in  Fig.l  and  its  parameters  are  indicate  in  Table  1.  A 
practical  target  which  releases  3GJ  fusion  thermal  energy  has  the  deuterium-tritium  (DT)  fuel  of  23 
mg.  The  outer  radius  of  the  fuel  layer  5.5  mm  and  the  thickness  of  it  is  286  /xm.  If  the  fuel  layer 
is  pushed  toward  the  center  by  the  pusher  pressure  of  lO^^Pa,  the  implosion  velocity  reaches  at  last 
5  X  lO^m/s,  Whose  Mach  number  is  12.  Although  the  pusher  pressure  is  not  so  large,  the  fuel  layer 
increases  the  implosion  velocity  in  the  central  void,  and  the  core  pressure  of  the  fuel  after  the  collision 
at  the  center  arrives  at  10^®  Pa.  The  momentum  of  imploding  motion  of  the  fuel  leads  to  a  high  density 
and  a  high  temperature,  which  ignite  and  burn  fuel.  In  this  paper,  the  hydrodynamic  motion  of  fuel  and 
the  propagation  of  burning  wave  are  analyzed  by  using  two  dimensional  simulation  code. 
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Figure  2.  Profiles  of  temperature 
in  the  direct  driven  target 


Figure  3.  Profiles  of  temperature 
in  the  indirect  driven  target 


VJl  37C/4 
0  [rad.] 


1  j  j 

smooihcr  2.0  mm 

. . . -  .  ns  - 

'''‘2.6  ns 

■ 

'  1 .5  ns 

l.uns- 

_j _ > _ 

vJA  k/2  375/4  n 

0  [rad.] 


Figure  4.  Initial  profile  of  temperature 
on  the  inner  surface  of  the  radiator  layer. 


Figure  5.  Distributions  of  temperature  on 
the  outer  surface  of  the  pusher  layer. 


2.  ROLE  or  RADIATION  GAP 

The  role  of  radiation  gap  in  the  indirect  driven  target  is  investigated  by  using  the  two  dimensional  code  of 


radiation  transport®^  Hydrodynamic  motions  are  out  of  consideration.  Figure  2  shows  the  direct  driven 
target.  The  pusher  layer  is  irradiated  by  a  ion  beam.  Soon  the  fuel  layer  is  heated  with  an  spherically  non- 
symmetric  way.  While  Fig.  3  shows  a  indirect  driven  target.  The  temperature  distribution  of  the  inner 
surface  of  outer  layer  soon  after  the  beam  irradiation,  is  drawn  along  the  azimuthal  direction  in  Fig.4. 
Figure  5  indicates  that  the  temperature  distribution  of  the  outer  surface  of  the  inner  layer  approaches 
the  uniform  after  2.5  ns.  Radiation  gap,  whose  thickness  is  2  mm,  makes  uniform  the  radiation  intensity 
in  it. 


3.  HYDRODYNAMIC  MOTION  AND  BURNING 

Here  for  simplicity  the  Lagrangean  motion  of  fuel  layer  is  analyzed.  The  fundamental  equations  are 
equation  of  motion  and  equation  of  energy  as  follows. 


dw 

P-^  -  -Vp-h  /iAv 


de 

=  -pV-v  +  V*J  -h  S 
at 


The  limited  free  flux 


is  used  for  thermal  flux  J.  For  the  released  fusion  energy  5, 

4  m 

is  used,  where  the  collision  cross-section  <  av  >  is  given  by 

<  (TV  >=  3.68  X  jg  io7r)-2/3e27p[-19.94(1.16  x  lO’ 


(1)  (2) 

(3) 

(4) 

(5) 


For  state  equations  among  the  internal  energy  e,  pressure  p,  density  p  and  temperature  T,  the  table  of 
Sesame  Library  is  used.  The  fundamental  equations  are  expressed  by  the  polar  coordinate  (r,  9,  (j)),  and 
the  simplification  of  two  dimension  =  0  is  utilized. 


The  spherically  non-symmetric  effects  are  given  for  the  pusher  pressure  p  on  the  outer  surface  of  the  fuel 
layer  and  the  thickness  of  the  initial  fuel  layer  as  follows. 


V  =  Po(l  +  Cy  cosaO) 


(6) 
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We  can  chose  modification  factors  Cy  and  Cth,  and  mode  numbers  a  and  b. 
A  simulation  result  is  given  in  Fig.6  and  7  for  Cp  =  0  and  Cth  —  0- 


4,  Summary 

As  stream  lines  in  Fig.6  shows,  the  burning  occurs  soon  after  the  fuel  collides  with  each  other  at  the 
center.  But  the  place  where  ignition  occurs  depends  the  implosion  motion.  Some  time  ignition  occurs  at 
the  center  while  another  time  ignition  occurs  at  the  boundary.  At  present  the  effect  of  non-symmetric 
parameters  on  fuel  burning  is  not  clear.  More  detailed  investigation  will  be  continued. 
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PLASMA-BEAM  INTERACTION  EXPERIMENTS  AT  TIT 
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1.  Introduction 

Interaction  of  heavy-ion  beams  with  dense  plasma  is  important  as  a  fundamental  process 
for  heavy-ion  .  inertial  confinement  fusion.  It  is  a  key  issue  to  study  an  energy  deposit  rate  of 
heavy-ion  driver  beams  in  a  fuel  pellet,  which  turns  to  a  state  of  hot  plasma.  Theoretical  works 

show  a  stopping  power  of  -dE/dx  oc  (Z)2  where  the  equilibrium  charge  state  Z  of  the  projectile 
is  governed  by  a  balance  of  ionization  and  recombination.  Theory  predicts  an  enhancement  of 
the  equilibrium  charge  state  Z,  compared  to  cold  matter,  for  the  plasma  with  electron  density  of 
up  to  10i9cm-3.  The  equilibrium  charge  state  turns  to  decrease  for  the  denser  plasma  with  the 
electron  density  of  n^  >  10i9cm-3  because  dielectronic  recombination  becomes  significant  [1]. 
On  the  other  hand,  the  stopping  power  depends  on  energy  of  the  projectile  heavy  ions  in  a  low- 
energy  region  below  MeV/u.  The  strong  dependence  on  energy  appears  in  the  energy  region 
where  the  velocity  of  projectile  is  close  to  the  velocity  of  valence  electron.  So  it  is  interesting  to 
perform  the  interaction  experiments  for  the  dense  plasma  of  ne  >  10i9cm-3  and  for  the  low- 
energy  beam  of  E«  MeV/u. 

Enhancement  of  energy  loss  in  plasma  has  been  first  observed  for  an  intense  deuteron 
beam  impinging  on  the  plasma  formed  by  the  incident  beam  itself  [2].  Further  interaction 
experiments  with  heavy-ion  beams  have  been  extended  by  GSI  and  Orsay  groups  [3,4].  The 
GSI  group  has  observed  a  significant  enhancement  of  energy  loss  for  heavy  ions  of  «  MeV/u 
energy  with  a  z-pinch  discharge  plasma  target.  The  electron  density  of  the  z-pinch  target  ranges 
up  to  1x1019  cm-3  [5].  Evolution  of  charge  state  of  the  projectile  heavy  ions  has  been  also 
observed  [6].  The  Orsay  group  has  studied  the  beam-plasma  interaction  for  an  expanding 
plasma  formed  by  laser  irradiation.  Jacoby  has  revealed  a  dramatic  enhancement  of  the  stopping 
power  for  45  keV/u  Ar  ions  in  discharge  hydrogen  plasma  [7].  A  precise  plasma  effect  has  been 
examined  for  a  1  MeV  proton  beam  by  ITEP  group  [8]. 

The  1.7  MV  tandem  at  TIT  generates  various  heavy  ion  beams  suitable  for  the 
experiments  of  low-energy  region.  A  laser  plasma  target  is  developed  for  the  tandem  beams. 
The  laser  plasma  has  potential  as  an  effective  charge  stripper  for  intense  heavy  ions.  We  report 
our  present  status  of  the  charge  stripper  experiments  with  the  laser  plasma. 

2.  Laser  plasma  target 

A  TEA  CO2  laser  generates  IR  pulses  of  X=10  p,m  with  energy  of  3  J.  The  laser  pulse  is 
composed  of  a  fast  component  with  a  0.2  p,s  width  and  a  slow  component  with  a  decay  time  of 

3  jis.  Laser  plasma  is  formed  by  irradiation  of  a  polyethylene  plate.  The  X=10  pm  light  has  a 
cutoff  density  of  l.lxl0i9cm-3.  Visible  light  from  the  plasma  is  detected  by  a  photo  diode  to 
monitor  the  intensity  of  laser  shots.  The  ablation  rate  is  estimated  by  weighing  the  polyethylene 
plate  after  200  and  400  shots.  The  number  of  ablating  CH2  molecules  is  determined  as  9x1 0^7 
per  pulse.  This  number  is  comparable  with  the  order  of  8xl0i7  atoms  cm-2  of  a  carbon  stripper 
foil  of  10  pgcm-2.  A  spatial  distribution  of  visible  light  is  measured  as  a  function  of  time  using  a 
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streak  camera.  Fig.l  shows  an  example  of  contour  plots  of  light  intensity  at  t=  0.4  ps  after  laser 
incidence.  The  figure  indicates  an  expansion  to  a  distance  of  more  than  10  mm  from  the 
polyethylene  surface.  The  electron  density  of  the  plasma  is  obtained  by  measuring  Stark 
broadening  of  and  Hp  lines  as  a  function  of  time  and  space.  The  plasma  emission  is 

analyzed  with  a  monochrometer  of  25  cm  focal  length.  The  photo  diode  serves  as  a  monitor  of 
laser  energy  because  the  laser  energy  per  pulse  fluctuates  shot  by  shot.  This  is  because  the  TEA 
CO2  laser  is  based  on  a  high  voltage  discharge.  Photomultiplyer  signals  of  the  monochrometer 
are  normalized  with  the  photo  diode  output  intensities.  The  wavelength  is  selected  in  a  step  of  1 
nm  in  the  vicinity  of  H„  and  Hp  peaks  and  in  a  step  of  2  nm  in  the  region  of  tails. 

Fig.2  shows  spatial  dependencies  of  the  electron  densities  at  t=l  ps.  The  abscissa  z  is  a 
distance  from  the  polyethylene  surface  and  the  parameter  R  is  a  radial  distance  from  the  laser 
axis.  The  electron  density  decreases  as  a  power  function  of  distance  z  between  z=l  and  z=10 
mm  for  the  data  of  off-axis  R^tO.  The  curve  for  R=0  shows  a  similar  decay  with  the  curves  for 
R^iO  between  z=lmm  and  z=6  mm.  It  is  noteworthy  that  the  density  keeps  a  constant  level  of  3 
X  1016  cm-3  in  the  distance  range  of  9  mm  to  30  mm  for  the  R=0  case,  i.e.,  on  the  laser  axis. 
This  fact  suggests  that  the  ablating  matter  is  ionized  by  post-irradiation  of  the  laser.  The 
maximum  density  observed  in  the  vicinity  of  the  polyethylene  surface  is  consistent  with  the 
cutoff  density.  Fig.3  indicates  time  dependencies  of  the  electron  densities  along  the  laser  axis 
for  the  different  distances  from  the  polyethylene  surface.  The  time  dependence  of  the  density  is 

weak  between  1  and  4.6  ps  compared  to  the  spatial  dependencies  shown  in  fig.2.  The  long 
duration  of  light  emission  suggests  that  the  dense  plasma  remains  even  at  the  tail  of  laser 
irradiation.  Temperature  of  the  plasma  is  evaluated  from  a  ratio  of  peak  to  continuum  for  the 
and  Hp  lines.  The  temperature  exceeds  10  eV  for  the  region  of  z<2  mm  and  decreases  to  several 
eV  for  the  area  distant  from  the  laser  focal  point. 

3.  Experiments  with  the  tandem  beams 

The  1.7  MV  tandem  at  TIT  is  a  5SDH2  model  of  NEC.  The  plasma  target  is  first  tested  as 
a  charge  stripper  for  heavy  ions.  Fig.4  depicts  a  layout  of  experimental  setup.  A  Li+  beam  of 
0.9  MeV  is  transported  to  a  target  chamber.  The  beam  has  a  spot  size  of  3  mm  in  diameter.  A 

typical  beam  current  is  10  nA,  which  gives  6x10^  incident  ions  in  a  time  window  of  1  ps.  The 
laser  light  is  guided  to  the  polyethylene  plate  by  a  mirror  and  a  focusing  lens  of  f  =  50  cm.The 
mirror  acts  as  a  steerer  of  the  laser  light.  The  lens  is  mounted  on  a  linear  motion  base  to  adjust 
the  distance  between  the  ion  beam  and  the  polyethylene  surface.  A  carbon  foil  and  a  beam 
viewer  plate  of  Desmarquest  are  attached  to  the  target  assembly.  The  assembly  is  mounted  on  a 
rotary  and  linear  drive  for  vacuum.  The  drive  is  used  for  fine  position  setting  of  the  plate  and 
for  selection  of  the  carbon  foil  and  the  viewer.  The  target  chamber  is  evacuated  to  the  vacuum  of 
10-7  Torr. 

The  outgoing  ions  from  the  plasma  are  analyzed  with  a  magnet  of  p=25  cm.  The  charge 
stripped  ions  of  Li+-''  and  Li+++  deflected  to  an  angle  of  30  degree  are  detected  with  a  plastic 
scintillator  of  2  ns  decay  time.  The  scintillator  is  coated  with  an  aluminum  layer  to  shield  the 
direct  plasma  light.  Visible  light  from  the  expanding  plasma  is  monitored  with  a  photo  diode. 
Signals  of  the  scintillator  and  the  photo  diode  are  simultaneously  recorded  with  a  fast  digital 
oscilloscope.  The  relative  enhancement  of  charge  stripping  is  to  be  estimated  by  comparing  the 
stripping  yields  between  the  plasma  and  the  carbon  foils. 
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4.  Conclusions 

The  electron  density  decreases  as  a  power  function  of  the  distance  from  the  polyethylene 
surface.  Along  the  laser  axis,  the  electron  density  is  independent  of  the  distance  between  z=9 
and  z=30  mm.  This  region  is  a  good  candidate  for  uniform  pla.sma  although  the  density  is  as 
low  as  3x1016  cm-3.  The  ions  of  Li-  from  a  sputter  ion  source  mu.st  be  intensified  to  improve 
the  counting  statistics.  The  present  pla.sma  contains  a  considerable  amount  of  carbon  ions  in 
low-charge  states.  These  not-fully  ionized  carbon  ions  interact  with  the  incident  ion  beam  nearly 
as  neutral  atoms.  The  problem  of  low  degree  of  ionization  can  be  solved  by  forming  laser 
plasma  of  lithium  or  solid  hydrogen  instead  of  the  polyethylene. 
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Fig.  1  Contour  plot  of  emitted  visible  light  from  plasma. 
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Fig.2  Spatial  distribution  of  electron 

densities  1  ps  after  laser 
incidence. 


Fig.3  Time  dependence  of  electron 
density  for  different  distances 
from  polyethylene  surface. 
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Fig.4  A  schematic  layout  for  charge  stripping  experiment. 
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Abstract 

In  the  present  work  recent  results  of  luminosity  measurements  of  aerogel  targets  (with  density  about  0.36 
g/cc)  irradiated  with  "KALMAR"  beam  are  reported.  The  beam  current  was  varied  in  the  range  1 0-20  kA, 
the  pulse  duration  was  80-120  ns  and  the  electron  energy  was  from  200  keV  to  290  keV.  Absorbed  energy 
distribution  in  the  deposition  zone  has  been  compared  with  results  of  calculations. 

INTRODUCTION 


Relativistic  Electron  Beams  (REB)  are  widely  used  for  investigation  of 
thermodynamic  properties  of  matter  under  pulse  volume  energy  deposition.  Among  their 
advantages,  compared  to  laser  and  heavy  ion  beams,  is  a  relatively  large  and  good 
predictable  range  of  electrons  in  a  hot  material.  That  makes  the  theoretical  analysis  of 
such  experiments  more  simple.  The  main  advantages  of  aerogel  targets  compared  to 
other  materials  are  small  density  (large  range  of  electrons)  and  the  transparent  material 
[1].  The  first  point  makes  it  possible  to  eliminate  the  influence  of  rarefaction  waves 
coming  from  irradiated  surface.  The  second  one  allows  to  measure  the  luminosity 
distribution  along  the  energy  deposition  zone  placing  the  recording  device 
perpendicularly  to  the  beam  direction. 

EXPERIMENTAL  TECHNIQUE 


The  experiments  were  carried  out  on  the  KALMAR  accelerator  [2  ].  The  samples 
of  porous  transparent  dialectrical  material  with  a  low  density  (Si02  -aerogel,  p=0.36 
g/cc)  were  irradiated  by  the  electron  beam.  The  light  luminosity  from  the  energy  deposition 
zone  was  recorded  after  passing  through  an  optical  system  (Fig.l) 


e-beam 
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E=200-290  keV 
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camera  ® 


100  ®/o  mirror 


FIG.  1 .  Scheme  of  experiment 
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The  beam  radius  was  about  10  mm.  That  ensures  a  plane  exposition  of  the  sample. 

RESULTS  AND  DISCUSSIONS 


The  results  of  experiments  for  two  different  regimes  of  the  beam  are  shown  in 
Fig.2-3.  It  is  seen  that  the  size  of  the  energy  deposition  zone  increases  in  time  in 
accordance  with  the  growth  of  the  beam  voltage  and  decreases  after  60-90  ns  when 
accelerating  voltage  falls  down.  In  the  case  of  break  down  regime  shown  in  Fig.3  the 
drop  of  the  beam  current  (when  the  time  equals  60  ns)  leads  to  corresponding  decrease 
in  luminosity.  It  has  been  found  that  the  shape  of  the  measured  intensity  curve  does  not 
depend  on  the  size  of  the  aerogel  sample.  Therefore  one  can  neglect  the  scattering  of  the 
photons  in  the  sample.  The  location  of  the  maximum  of  the  light  intensity  depends  on 
the  value  of  maximal  voltage.  The  depth  corresponding  to  the  maximum  intensity  equals 
to  0.6  mm  for  V=290  kV  and  to  0.35  mm  for  V=240  kV. 


FIG.  2.  Camera  recording  (A),  oscillographs  of  current  and  voltage  of  electron  beam 
pulse  (B)  and  the  measured  intensity  profiles  (C)  for  usual  regime. 


FIG.  3.  Camera  recording  (A),  oscillographs  of  current  and  voltage  of  electron  beam 
pulse  (B)  and  the  measured  intensity  profiles  (C)  for  break  down  regime. 
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FIG.  4  Calculated  energy  deposition  distribution  inside  aerogel  sample  together  with 
the  measured  distribution  of  the  light  radiation  intensity  (solid  line). 

Figure  4  shows  the  comparison  of  the  experimental  measurements  of  radiation 
intensity  with  calculations  of  the  beam  energy  deposition.  The  dashed  line  gives  the 
distribution  of  a  monoenergetic  beam  with  290  keV  electrons  calculated  using 
semiempirical  formula  [3].  The  crosses  are  the  result  of  Monte-Carlo  simulation  of  the 
beam  energy  distributed  inside  the  target  [4].  Both  calculated  curves  give  rather  close 
values  of  maximum.  One  can  conclude  from  this  comparison  that  there  exists  a  direct 
correlation  between  the  distributions  of  the  deposited  beam  energy  and  the  light 
radiation  intensity 


CONCLUSIONS 

1)  The  light  radiation  intensity  of  aerogel  is  proportional  to  the  current  of  the  electron 
beam  in  all  investigated  regimes. 

2)  The  measured  light  radiation  distribution  along  the  energy  deposition  zone  shows  a 
good  agreement  with  the  predicted  one  based  on  the  energy  deposition  curves. 

These  experiments  may  be  used  both  as  a  beam  diagnostics  tool  and  so  for  the 
investigation  of  the  response  of  a  dense  nonideal  plasma  to  bulk  energy  depositions. 
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Panel  Discussion 


Karel  Jungwirth: 

Ladies  and  gentlemen,  dear  colleagues.  Before  we  start  the  panel  discussion  I  would 
like  to  propose  the  idea  that  each  of  the  parnelists  will  stress  some  most  important  from  his 
point  of  view  points  connected  with  this  conference  or,  may  be,  also  in  a  broader  sense.  Each 
of  them  will  have  five  minutes,  seven  minutes  at  maximum,  and  then  if  anybody  from  the 
audience  would  like  to  comment  or  feel  that  there  is  something  important  to  say  to  the 
conference  he  or  she  will  be  entitled  to  do  so. 

To  begin  with,  I  would  like  to  ask  our  colleague  Gerry  Cooperstein  to  give  us  a  brief 
summary  of  his  feelings  about  this  conference  as  a  whole,  in  comparison  to  the  previous 
conferences.  Please. 

Gerald  Cooperstein: 

Dear  colleagues,  1  have  the  great  pleasure  of  being  asked  to  compare  this  conference  to 
previous  BEAMS  conferences.  Because  I  am  one  of  the  people  fortunate  enough  to  have 
attended  all  the  BEAMS  meetings,  starting  with  the  1975  meeting  in  Albuquerque,  then  four 
more  in  the  U.S.,  two  in  Novosibirsk,  and  one  each  in  France,  Japan  and  Germany,  I  am  in 
a  good  position  to  comment  on  how  well  this  meeting  has  held  up  to  the  tradition  of  all  the 
previous  BEAMS  meetings. 

I  must  admit  that  during  BEAMS92,  when  Pavel  Sunka  and  Karel  Jungwirth  proposed 
having  the  Institute  of  Plasma  Physics  sponsor  BEAMS96  in  Prague,  several  members  of  the 
BEAMS  International  Advisory  Committee  had  concerns.  We  were  unsure  of  the  political 
stability  of  the  then  Czechoslovakia,  and  we  were  unsure  if  the  Institute  of  Plasma  Physics  had 
the  resources  to  maintain  the  fine  tradition  of  the  BEAMS  meetings. 

Fortunately,  the  attractiveness  of  Prague  as  a  location,  and  the  confidence  of  Karel 
Jungwirth  overcame  our  concerns.  In  retrospect,  we  are  now  all  very  happy  that  we  accepted 
the  offer  of  the  Institute  of  Plasma  Physics.  First,  the  new  Czech  Republic  is  clearly  at  the 
forefront  of  all  the  former  Eastern  Block  countries  in  leading  the  way  to  democracy.  Prague, 
besides  being  a  very  beautiful  city,  is  an  exciting  places  to  visit  at  this  point  of  history.  The 
BEAMS  community  is  fortunate  to  be  part  of  this  new  revival.  Second,  the  Institute  of  Plasma 
Physics,  through  the  leadership  of  the  conference  co-chairman,  Jiri  Ullschmied,  has  done  an 
extraordinary  job  of  making  BEAMS96  one  of  the  most  memorable  and  successful 
conferences  of  the  series.  In  addition  to  offering  us  an  excellent  first  class  technical  program, 
I  want  to  make  particular  note  of  the  fact  that  they  have  brought  our  meeting  into  the  modem 
world  through  the  extensive  use  of  e-mail,  FTP  and  a  home  page  on  the  World  Wide  Web. 
I  am  sure  that  every  participant  appreciated  the  ability  to  have  up-todate  information,  to  be 
able  to  submit  their  abstracts  electronically,  and  to  get  very  quick  feedback  on  the  make  up  of 
the  final  program.  Even  more  incredible  was  their  ability  to  put  all  of  the  abstracts  up  on  the 
Internet  long  before  the  conference,  even  those  abstracts  that  were  not  submitted  electronically 
but  were  submitted  by  regular  mail.  It  was  very  useful  to  all  of  us  attending  here  to  see  the 
abstracts  ahead  of  time. 

Jiri  Ullschmied  has  prepared  for  me  some  statistics  (see  page  1289  of  this  Proceedings) 
about  the  meeting,  to  share  with  you.  First,  if  we  look  at  the  total  attendance  of  the  last  five 
BEAMS  meetings  from  88  to  96,  excluding  BEAMS92  which  had  a  very  large  number  of 
people  attending  from  the  Washington  area,  we  see  that  BEAMS96  had  a  larger  attendance 
(308  people  and  435  abstracts)  than  four  of  the  previous  five  meetings.  In  fact,  the  slope  of  the 
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attendance  curve  is  positive.  This  fact  is  very  encouraging,  because  most  of  us  perceive  that 
the  funding  in  our  field  is  diminishing.  Second,  if  you  look  at  the  detailed  attendance 
breakdown,  we  note  that  almost  twice  as  many  of  our  colleagues  from  the  former  Soviet 
Union  attended  BEAMS96,  than  attended  any  of  the  previous  BEAMS  meetings  that  were 
outside  of  their  country.  In  fact,  almost  many  have  attended  BEAMS96  as  attended  the 
BEAMS90  meeting  in  Novosibirsk.  (104  at  BEAMS96  and  150  at  BEAMS90).  We  must 
thank  our  Czech  colleagues  for  encouraging  this  FSU  participation. 

Before  allowing  my  distinguished  colleagues  to  present  their  impressions  about  the 
technical  content  of  the  meeting  in  each  of  their  areas  of  expertise,  I  must  take  this  opportunity 
to  make  some  general  comments  in  areas  in  which  I  am  particularly  concerned.  I  believe  that 
some  of  the  most  exciting  new  results  were  presented  in  the  z-pinch  area,  especially  the  recent 
Sandia  results  using  a  very  large  number  of  wires.  In  the  ICE  area,  there  has  been  a  major 
increase  in  understanding  diode  physics.  I  must  remind  you  that,  even  though  ions  still  have  a 
long  way  to  go  and  z-pinches  are  already  achieving  exciting  hohlraum  temperatures,  only  ion 
beams  offer  the  promise  of  stand-off  that  is  required  for  an  ICE  reactor.  In  both  areas,  the 
diagnostics  have  become  more  and  more  sophisticated,  leading  to  improved  understanding  of 
both  the  ultimate  potential  and  the  problems  in  achieving  that  potential. 

I  am  also  happy  that  there  are  still  major  machine-building  programs  at  Sandia,  at  the 
Defense  Nuclear  Agency  supported  laboratories,  at  the  French  laboratories,  and  in  the  FSU. 
I  am  especially  pleased  that  there  is  a  growing  number  of  application  papers  presented  at  this 
conference.  Both  of  these  facts  are  good  signs  for  the  future  of  our  field  and  the  continuing 
success  of  the  BEAMS  meetings.  Thank  you. 

Thank  you  very  much  Jerry  and  now  I  would  suggest  that  the  panelists  speak  briefly, 
five  minutes,  six  minutes  at  most,  in  the  alphabetic  order  to  support  the  new  image  of  the 
Czech  Republic  as  a  democratic  country.  So,  please,  our  colleague  Bluhm  first. 

Hans  Bluhm: 

Before  I  start  my  summary  in  two  of  the  fields  that  have  been  covered  by  this 
conference  I  would  like  to  add  some  more  general  remarks  to  those  which  Jerry  just  made. 
These  remarks  which  I  want  to  make  are  somewhat  more  skeptical  than  his  ones,  but  this  is 
my  personal  view.  My  impression  is  that  the  BEAMS  conference  is  now  a  well  established 
conference,  where  I  meet  friends  that  I  know  already  since  more  than  fifteen  years,  but 
unfortunately  I  do  not  meet  too  many  new  faces  here.  Also  my  impression  is  that  the 
enthusiasm  that  was  carrying  previous  conferences  has  somewhat  decayed.  This  became  also 
obvious  in  the  audience  which  in  some  of  the  oral  sessions  broke  apart.  I  did  not  find  too 
many  exciting  new  ideas,  and  I  think  this  development  is  becoming  especially  visible  in  the 
field  that  I  am  now  going  to  report  on  first:  in  the  field  of  intense  light  ion  beam  production. 

All  major  programmes  that  have  been  contributing  to  this  field  got  cutbacks.  At  Sandia 
we  see  a  reduction  of  the  light  ion  beam  programme  and  this  has  also  occurred  in  Germany 
and  at  ILE  Osaka  in  Japan.  This  may  raise  the  question  whether  light  ions  are  still  a  serious 
candidate  for  a  high-gain  ignition  facility.  We  should  ask  ourselves  the  question,  why  did 
these  changes  occur  and  how  can  we  reverse  this  trend.  Are  we  a  victim  of  the  general  budget 
constraints,  or  is  it  a  result  of  our  attempt  to  overrun  unresolved  fundamental  physical 
problems  in  the  field  by  ever  larger  machines,  or  did  we  meet  any  general  physical  limitation 
that  prevents  or  slows  down  further  progress?  I  think  each  of  these  three  possible  explanations 
is  correct  to  a  certain  degree. 

This  conference,  however,  has  also  shown  that  by  going  back  to  work  on  the  basics  of 
intense  ion  beam  production,  that  means  to  work  on  the  source  and  divergence  problems,  as 
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well  as  on  the  operational  stability  of  our  diodes,  and  to  attack  the  transport  of  intense  ion 
beams,  can  advance  the  field  again.  Important  steps  have  been  made  into  these  directions, 
I  think,  in  all  labs.  I  would  like  to  mention  especially  the  experimental  achievements  that  have 
been  obtained  at  Sandia  by  Alex  Filuk  and  others,  but  also  at  Cornell  University  by  John 
Greenly  and  others,  which  rely  on  better  diagnostics,  and  these  diagnostics  to  a  large  degree 
have  been  stimulated  by  Yitzhak  Maron  and  his  group,  who  also  during  this  conference  made 
some  very  good  contributions. 

The  achievements  in  our  understanding  of  the  basic  physics  of  light  ion  diodes  are  also 
based  on  the  theoretical  progress  that  we  have  made.  And  I  would  like  to  mention  especially 
the  analytic  theories  that  have  been  developed  by  Mike  Desjarlais  and  also  by  Alexei 
Gretchikha.  Many  of  you  know  that  the  light  ion  beam  programme  is  given  another  period  of 
about  two  or  three  years.  As  I  understand  this  is  true  for  our  programme  in  Germany,  but  it  is 
obviously  also  true  for  the  programme  in  the  United  States.  And  the  question  is,  is  this  time 
really  sufficient,  will  we  be  able  to  improve  our  knowledge  enough  to  give  definite  answers  to 
all  these  problems?  And  the  second  question:  is  this  time  enough  to  investigate  those  ideas 
which  came  up  rather  late  - 1  mean  two-stage  diodes  and  self-pinch  transport  which  just  have 
been  started  to  be  investigated. 

The  second  subject  I  would  like  to  report  on  are  the  beam-matter-interaction 
experiments.  I  think  the  presentations  of  Kurt  Baumung,  Balbir  Goel,  and  Holger  Marten,  but 
also  of  Professor  Fortov  and  the  Sandia  group  show  that  intense  ion  beams  can  even  with  their 
present  performance  contribute  to  our  understanding  of  non-ideal  plasma.  However,  we  are  in 
competition  with  other  methods  here,  and  the  question  is  what  can  light  ions  or  soft  x-ray 
sources  do  better  or  cheaper  than  already  established  techniques  like  lasers,  gas  guns,  wire 
explosions  and  so  on.  And  the  second  question  that  we  should  try  to  answer  is,  who  are  our 
customers,  i.e.  who  is  interested  in  these  results  and  who  needs  them. 

Although  I  observed  a  certain  decay  in  intense  light  ion  beam  research  a  new  field  has 
come  to  light:  Especially  during  this  conference  a  large  number  of  contributions  dealt  with  ion 
and  electron  beam  applications.  In  1988,  when  we  in  Karlsruhe  hosted  this  conference,  there 
were  nearly  zero  percent  of  the  papers  addressing  this  area.  During  this  conference  about  20  % 
of  the  papers  were  in  this  field.  Many  of  the  applications  were  with  electron  beams,  this  may 
be  because  it  is  easier  to  produce  large-area  electron  beams  than  ion  beams,  and  I  would  like 
to  mention  the  contributions  here  from  Efremov  Institute,  from  Tomsk,  and  from  Karlsruhe, 
too.  Ion  beam  surface  treatments  are  already  approaching  industrialization.  We  have  heard  that 
a  company  has  been  founded,  and  Dr.  Neau  and  others  from  Sandia  and  from  this  company  - 
Quantum  Manufacturing  -  have  reported  on  their  ideas. 

I  would  like  to  suggest  that  if  this  field  shall  become  an  important  established  new 
field  in  the  BEAMS  conferences,  then  we  must  also  attract  solid  state  physicists  and  material 
scientists,  and  I  propose  that  the  organizers  of  the  next  conference  invite  well  known  experts 
from  this  field  to  begin  the  dialogue.  Of  course  we  all  know  that  commercialization  of  these 
ideas  needs  inexpensive,  efficient,  reliable  and  small-size  generators.  And  the  key  component 
in  these  generators  is  always  the  switch.  Magnetic  switches  may  be  O.K.  for  short  pulses,  but 
for  long  pulses  they  may  become  too  large.  And,  therefore,  I  think  the  semiconductor  opening 
switch  that  is  being  developed  in  Ekaterinburg  and  was  presented  here  by  Dr.  Rukin  from 
Professor  Mesyats  group  is  a  promising  candidate  for  a  switch  in  such  a  facility. 

O.K.,  I  think  this  is  all  what  I  would  like  to  add  to  the  conference  summary. 

Thank  you  Hans  for  your  introspective  and  sometimes  also  a  bit  alarming  ideas.  I  am 
sure  that  self  satisfaction  would  be  the  worst  approach  we  could  apply  to  our  own  field.  And 
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now,  1  would  like  to  ask  Hans  Karow  who  is  perhaps  going  to  say  us  a  few  more  optimistic 
ideas  or  even  mention  perspective  possibilities  concerning  the  future  of  our  fields  of  interest. 

Hans  Karow 

Thank  you,  Chairman. 

The  future  prospects  of  the  research  areas  of  the  ‘BEAMS  Community’  as  present  at 
this  conference  is  a  most  pressing  question,  and  I  would  like  to  contribute  to  this  discussion 
not  only  from  my  view  point  as  a  member  of  the  ‘Beams  Community’  but  also  from  my 
European  view  point  as  a  Secretary  of  the  European  Science  Foundation. 

The  present  scope  of  the  BEAMS  conference  series  comprises,  as  I  understand, 
science,  research  and  applications  in  the  areas  of  nuclear  fusion  processes  -  in  particular 
civilian  research  on  the  ultimate  goal  of  controlled  inertial  confinement  fusion  for  electric 
power  generation  by  means  of  pulsed  particle  beams  or  electromagnetic  pulsed  power  devices. 
Besides  that,  the  Beams  conferences  are  a  forum  for  pulsed  power  research  for  medium  energy 
density  applications. 

With  regard  to  the  goal  of  inertial  confinement  fusion,  the  R&D  community  was  split 
in  the  past  decades  into  civilian  R&D  laboratories  and  military-driven  laboratories.  At  least 
the  civilian  R&D  community  suffered  rather  heavily  from  this  divided  situation  and  the 
classification  practised  on  the  side  of  military  R&D  on  inertial  fusion. 

It  was  a  tremendous  development  when  in  December  ’93,  after  the  end  of  the  cold  war, 
there  eame  the  official  declassification  act  from  the  US  government  concerning  R&D  on 
inertial  confinement  fusion  for  civilian  application. 

Consequently,  in  May  of  this  year,  the  European  Scienee  and  Technology  Assembly 
(ESTA)  in  Brussels,  (consisting  of  100  senior  representatives  from  all  fields  of  scienee  and 
industry  in  Europe),  which  is  an  advisory  body  to  the  European  Commission  installed  an 
ESTA  Working  Group  of  which  I  was  the  Secretary  to  analyse  the  situation  and  to  report  to 
the  Assembly.  The  main  recommendation  of  this  report  was  to  implement  within  the 
European  fusion  programme  a  component  on  inertial  confinement  fusion  which,  at  its  starting 
phase,  should  cover  approximately  one  tenth  of  the  total  programme’s  financial  volume.  The 
main  reasons  for  a  substantial  onset  of  ICE  research  in  Europe  were  stated  to  be:  (i)  the 
scientifie  status  and  prospects  of  ICF  are  at  a  comparable  level  with  magnetic  confinement 
fusion;  both  approaches  are  still  in  a  science  &  research  phase  -  not  in  a  technical  phase,  and 
the  question  catmot  yet  be  answered  which  concept(s)  may  succeed  in  the  long  term;  (ii) 
international  collaboration,  the  sine  qua  non  of  large  R&D  projects,  now  is  no  longer  impeded 
by  classification.  These  were  the  main  points  in  ESTA’s  report  and  recommendations 
forwarded  to  the  European  Commission  which  is  co-ordinating  controlled  nuclear  fusion 
rescEirch  in  Europe. 

The  ESTA  report  and  recommendations  raised  very  strong  responses  and  even 
reverberations  in  the  European  scene  of  fusion  research  and  R&D  policy. 

First,  at  the  European  level,  the  European  Commission  appointed  (for  the  second  time) 
a  review  panel  with  the  task  of  reviewing  the  status  and  prospects  of  the  current  European 
R&D  programme  on  controlled  nuclear  fusion.  In  addition,  for  the  first  time  the  European 
Commission  installed  for  the  first  time  a  co-ordination  committee  for  research  into  inertial 
confinement  fusion  research.  The  European  Science  Foundation,  in  conjunction  with  the 
ESTA  recommendations,  intends  to  undertake  an  exploratory  ESF  Workshop  in  order  to 
discuss  and  formulate  the  possible  R&D  content  of  a  first  phase  of  an  ICF  programme  co¬ 
ordinated  at  the  European  level.  At  the  national  level  in  various  European  countries,  research 
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councils  and  governmental  administrations  are  at  present  intensely  debating  the  issues  of 
controlled  nuclear  fusion  research. 

Secondly,  in  recent  weeks  there  has  been  a  strong  echo  in  the  scientific  press  -  in 
NATURE  and  other  upper  journals  -  as  well  as  in  the  public  media,  with  many  positive 
comments  on  the  ESTA  approach. 

Thirdly,  there  is  an  increasing  response  to  the  ESTA  recommendations  from  the 
science  and  research  communities  in  Europe  -  inside  and  outside  nuclear  fusion.  Besides 
agreeing  statements,  one  experiences  some  strong  resistance  to  ESTA’s  endorsement  of  ICF 
from  parts  of  the  MCF  communities,  in  particular  from  representatives  of  the  ITER  project. 
These  critics  deny  ESTA’s  statement  that  (laser-)  ICF  and  MCF  are  equally  advanced  along 
the  route  towards  an  ignited  and  self-burning  fusion  plasma  (as  measured  by  the  triple  product 
of  density,  temperature  and  confinement  time).  This  argument,  I  think,  can  be  ruled  out  on 
scientific  grounds.  However,  the  critics  against  ICF  research  still  maintain  the  old  policy 
argument  that  any  onset  of  ICF  research  in  Europe  would  still  be  impeded  by  the  fact  that  no 
official  declassification  of  ICF  research  has  been  declared  in  Europe.  Also  this  claim  has  been 
ruled  out  by  reality  as  proved  by  the  publications  on  formerly  classified  ICF  subjects  by 
European  authors  in  recent  years  -  also  at  the  BEAMS  ’96  conference.  However,  a  formal 
declassification  statement  from  the  UK  and  French  government,  equivalent  to  the  one  by  the 
US  government  in  1993,  could  indeed  be  most  helpful  to  terminate  such  formal  debate. 

However,  also  within  the  fields  of  ICF  research  itself  and  due  to  the  limited  fiinding 
resources,  we  see  fierce  competition  at  the  national  level  between  the  different  driver 
communities. 

This  brings  me  back  to  the  initial  question  of  the  prospects  of  the  ‘Beams  Community’. 
We  have  just  heard  from  senior  conference  observers  that,  at  first  glance,  the  outcome  of 
BEAMS  ’96  could  lead  us  to  be  optimistic  but  not  too  much  so.  The  ‘BEAMS  community’ 
should  undergo  realistic  self-critics  when  self-evaluating  its  own  R&D  progress  so  far 
achieved. 

With  regard  to  the  ambitious  and  far-ranging  goals  of  controlled  inertial  confinement 
fusion,  we  have  to  realise  that  the  high-power  particle  beams  community  (with  its  various  ion 
beam  disciplines)  is  in  continuing  and  heavy  competition  with  the  high-power  laser 
community  and  its  various  disciplines.  I  also  share  the  opinion  of  my  colleague  Hans  Bluhm 
on  this  panel:  the  particle  beams  community  will  have  to  try  much  harder  in  the  race  towards 
achieving  R&D  milestones.  These  are  in  the  near-term:  feasible  and  cost-efficient  schemes 
and  proof-of-principle  experiments  for  the  repetitive  generation,  transport  and  focusing  of 
particle  beams  (ion  beams),  and  for  the  deposition  of  such  beams  of  high  power  density  and 
pulse  energy  on  target;  economising  of  experimental  facilities  and  work;  feasible  concepts  for 
ICF  reactor  schemes;  demonstration  of  valuable  spin-off  of  ICF  research  for  other  fields  and 
for  technical  applications. 

In  trying  harder,  we  should  recognise  the  fact  that  the  comfortable  times  of  strategic 
fusion  research  on  its  own  are  over.  Under  today’s  financial  constraints  for  science  and 
research  at  the  national  and  international  scene,  both  magnetic  fusion  research  as  well  as 
inertial  fusion  research  are  subject  to  open  and  heavy  competition  with  the  whole  spectrum  of 
medium  or  large  R&D  projects  in  the  physical  sciences  and  energy  research.  Hereby  we  face 
the  fact  that  research  councils  and  governments  are  increasingly  worried  by  the  ‘difficult 
dimensions’  of  nuclear  fusion  which  is  considered  to  be  complex,  big,  long-term,  expensive, 
high-risk  R&D,  needing  international  collaboration  and  co-ordination,  and  aiming  at  nuclear 
energy  generation.  Fusion  research  is  therewith  subject  not  only  to  the  ‘usual’  risks  of 
ambitious  and  complex  R&D  subjects  but  also  to  political  uncertainties.  To  win  this  battle 
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will  need  all  the  skills,  ‘pulsed  power’,  and  energy  of  the  ‘BEAMS  Community’  and,  last  but 
not  least,  its  coherence  and  solidarity. 

Thank  you,  Chairman. 

Thank  you  Hans  for  your  interesting  information  and  also  for  your  fighting  in  the 
interests  of  this  community.  I  think  that  your  words  were  so  stimulating  that  when  coming 
home  everybody,  after  relaxing  here  in  Prague,  will  start  to  make  everything  to  increase  the 
chances  of  winning  the  battle.  Thank  you.  And  now  I  would  like  to  ask  Jeff  Quintenz  to  - 
actually  I  am  really  glad  that  at  the  very  final  moments  of  the  conference  the  audience  hall  is 
almost  as  full  as  it  was  during  the  opening  ceremony,  so  taht  we  can  perhaps  afford  now  to 
hear  several  words  about  hohlraums. 

Jeff  Quintenz: 

Yes,  thank  you.  Professor  Jungwirth  asked  me  to  share  five  or  ten  minutes  worth  of 
wisdom  on  hohlraum  heating.  I  agree  to  confine  myself  to  five  or  ten  minutes,  but  am  not  sure 
1  have  enough  wisdom  to  fill  the  time  slot.  I  will  try  it  in  any  case. 

As  you  heard  earlier  in  this  conference,  both  ion  beams  and  z-pinches  have  now  been 
used  to  heat  hohlraums.  Using  light  ion  beams,  we  have  achieved  greater  than  60  eV  in 
a  rather  large  hohlraum,  producing  approximately  1  TW  of  x-rays.  I  confine  myself  to  talking 
about  using  pulsed  power  drivers  to  heat  hohlraums.  Hans  Bluhm  has  already  mentioned  the 
progress  in  ion  beam  driver  development,  and  Valentin  Smirnov  will  talk  about  the 
developments  in  z-pinch  drivers.  The  results  of  these  ion  beam  experiments  have  been,  to  my 
belief,  to  establish  the  proof-of-principle  of  using  intense  light  ion  beams  to  heat  hohlraums, 
with  no  surprises  in  the  interaction  of  those  beams  with  matter.  The  intensity,  however,  of 
these  beams  is  limiting  the  experiments  that  we  can  perform  with  these  sources  today.  And  so 
more  progress  will  be  required  in  focusing  and  transporting  light  ion  beams  before  we  can 
make  much  more  progress  in  utilizing  these  beams  to  heat  hohlraums  and  drive  capsules.  That 
is  not  to  say,  however,  that  they  are  not  useful  today  to  do  ICF  relevant  experiments.  In 
particular,  we  heard  at  this  conference  about  some  beautiful  experiments  using  intense  light 
ion  beams  to  drive  shock  waves  in  matter,  for  equation  of  state  studies. 

In  the  area  of  z-pinch  driven  hohlraums,  the  achievement  of  85  TW  and  greater  than 
400  kJ  of  x-rays  from  a  z-pinch  and  then  putting  these  sources  within  a  hohlraum  and  heating 
the  hohlraum  to  somewhat  in  excess  of  85  eV,  I  believe,  is  a  break  through.  The  application  of 
these  z-pinch  driven  hohlraums  is  immediate.  In  the  ICF  programme  we  are  using  these 
hohlraums  as  very  well  characterized  sources  for  x-ray  driven  materials  studies,  materials  that 
are  being  selected  for  fusion  capsules  today,  and  I  think  that  the  diagnostics  which  are 
developed  in  parallel  with  these  source  developments  are  actually  putting  the  field  of  pulsed 
power  research  in  a  very  favorable  position  for  continued  rapid  progress.  The  unique 
contribution  of  these  sources,  the  fact  that  we  can  today  heat  very  large  volume  hohlraums  for 
very  long  times,  has  put  us,  for  the  first  time,  in  a  good  position  in  the  healthy  competition 
between  pulsed  power  and  lasers  for  inertial  fusion.  We  now  have  a  driver,  that  is  actually  the 
driver  of  choice  for  many  experiments  in  ICF.  This  is  a  first.  We  are  no  longer  just  tolerated 
by  our  laser  friends,  we  actually  have  a  source  that  they  find  valuable  in  the  science  of  inertial 
fusion.  So  I  believe  personally  that  we  are  on  the  verge  of  something  very  significant.  I  don’t 
share  my  colleague  Hans  Bluhm’ s  pessimism  today.  1  think  the  future  is  very  bright  and  I  look 
forward  to  new  facilities  around  the  world,  in  particular  close  to  my  home,  the  PBFA-Z 
accelerator,  which  will  be  fired  for  the  first  time  this  summer,  promises  to  extend  the  power 
and  energy  in  x-rays  to  unprecedented  levels.  We  already  have  the  most  power  in  x-rays  ever 
generated  in  the  laboratory  and  we  look  to  extend  it  significantly  in  a  very  near  future.  So,  for 
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ICF,  I  think,  the  application  of  our  field  is  going  to  be  a  growing  one,  with  very  significant 
events  in  the  near  future. 

If  1  move  on  very  briefly  to  more  general  comments,  I  need  to  address  the  issues  of 
break-throughs  and  budgets.  Everyone  has  talked  about  budgets,  some  have  talked  about 
break-throughs.  As  I  said,  I  think  this  is  a  very  exciting  time,  but  our  excitement  must  be 
tempered  with  the  realization  and  reality  that  we  live  in,  that  budgets  are  constrained  and 
unlikely  to  get  less  constrained  in  the  near  future.  This  forces  us  to  think  differently.  First,  we 
must  recycle.  We  are  recycling  our  facilities;  PBFA  is  being  used  to  drive  z-  pinches  and  ion 
beams.  There  are  other  examples  of  facilities  which  have  been  modified  for  multiple 
applications.  Second,  we  must  innovate.  The  new  ideas  like  fast  Marxes  and  inductive  energy 
store  to  produce  more  capable  pulsed  power  facilities  at  lower  cost,  are  necessary  to  continue 
the  rate  of  progress.  And  third,  we  must  team.  Teaming  is  a  requirement,  it  is  not  a  luxury. 
And  I  see  at  this  conference,  in  particular,  many  papers  from  multiple  institutions,  and  in  fact 
from  multiple  countries  -  and  that  is  a  very  positive  development  -  and  I  think  it  in  large 
measure  has  contributed  to  our  success  to  date. 

So,  the  technical  progress  to  me  has  been  very  exciting  in  many  areas  of  our  field. 
1  think  the  future  is  bright.  I  am  personally  very  excited,  and  I  think  that  we  are  entering  an  era 
where  the  capabilities  of  our  experimental  facilities  are  advancing  rapidly;  the  diagnostics  we 
have  are  advancing  in  precision  and  capability  -  for  the  first  time  we  are  able  to  look  with 
great  spatial  and  time  resolution,  inside  these  very  extreme  environments;  we  are 
benchmarking  our  ever  evolving  computer  codes.  We  have  in  the  near  term,  very  powerful 
computers  coming  on  line  on  which  to  run  our  3-D  simulations,  and  to  close  the  cycle,  to 
develop  simple  models  which,  I  think,  will  ultimately  demonstrate  our  understanding  of  these 
complex  processes.  I  see  all  that  advancing  very  well  and,  again,  1  look  forward  to  a  very 
bright  future. 

Thank  you  Jeff.  And  now  let  me  say  a  few  personal  words:  During  the  last  six  years  a 
lot  of  things  changed.  The  importance  of  declassification  was  already  mentioned  by  Hans 
Karow  and  I  believe  that  we  are  going  the  right  way  also  in  other  aspects.  Many  people  whom 
I  knew  ten  years  ago  only  by  their  names  from  publications  are  now  my  personal  friends,  as 
are  those  I  have  known  from  the  very  old  times  when  we  all  were  extremely  young.  One  of 
them  is  my  old  friend  Mitia  Ryutov  and  I  am  glad  that  I  can  ask  him  now  to  say  several  words 
and  add  some  comments. 

Dmitri  Ryutov: 

According  to  instructions  given  to  me  by  our  Chairman,  Dr.  Jungwirth,  1  will  discuss 
the  studies  of  beam-plasma  interaction,  experiments  on  plasma  heating  by  E-beams,  the  issues 
of  the  microwave  generation  and,  at  the  end,  will  make  some  comments  on  liner  stability. 

Beam-plasma  interactions  have  always  been  one  of  the  key  elements  of  basic  plasma 
physics.  It  is  very  good  that  our  community  contributes  to  these  studies  in  a  significant  way: 
this  underlines  an  importance  of  our  research  in  a  broader  context  of  plasma  physics,  physics 
of  non-linear  phenomena,  and  physics  (and  astrophysics)  in  general.  These  studies  appeal  to 
wider  circles  of  the  physics  community,  they  show  a  high  intellectual  potential  of  our  field  of 
research,  raise  feeling  of  respect,  if  you  wish. 

At  this  conference,  there  have  been  several  papers  describing  beam-plasma 
interactions:  from  Kanazawa,  from  Novosibirsk,  and,  finally,  very  nice  papers  from  our  host 
Institute  -  Institute  of  Plasma  Physics  at  Prague.  What  was  remarkable  in  these  papers 
compared  to  the  earlier  ones,  was  a  high  quality  of  optical  diagnostics  used  for  the 
measurements  of  microturbulence.  The  general  environment  of  these  experiments,  with  their 
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intense  electromagnetic  noises  and  high  level  of  x-ray  background,  is  very  hostile  to  fine 
measurements.  Still,  the  ways  have  been  found  to  circumvent  these  problems  and  optical 
methods  of  studying  plasma  microturbulence  are  now  in  a  wide  use,  producing  information  in 
an  almost  textbook  fashion.  I  probably  should  mention  here  the  name  of  Dr.  Kruglyakov  from 
Novosibirsk,  who  contributed  a  lot  to  the  development  of  these  techniques. 

And,  no  surprise,  some  puzzles  that  did  confuse  researchers  for  many  years,  in 
particular,  that  of  a  Langmuir  collapse  in  a  magnetic  field,  were  solved  in  these  measurements. 
I  think  that  the  same  techniques  might  probably  be  employed  also  for  the  measurements  of 
electromagnetic  fields  in  microwave  generators;  at  least  the  techniques  based  on  the  spectral 
measurements  can  be  used  for  these  purposes. 

Then,  directly  related  to  this  basic  science  research,  are  the  works  dealing  with  the 
plasma  heating  by  E-beams  in  solenoids.  Again,  these  works  have  been  done  in  Novosibirsk, 
in  Prague,  and  in  Kanazawa.  The  main  accomplishment  is  that,  at  least  in  one  experiment 
(Novosibirsk),  they  have  reached  the  level  of  300  kJ  of  the  injected  beam  energy  and  have  not 
noticed  any  degradation  of  the  efficiency  of  plasma  heating  (Dr.  Koidan’s  talk).  In  fact,  the 
efficiency  increased  and  it  is  now  probably  25%;  the  corresponding  plasma  parameters  are 
quite  impressive. 

Fashions  change  in  fusion  research,  but  I  think  that  this  approach  still  has  some 
fusion  potential  and  we  will  see  what  happens  within  coming  few  years.  But  it  is  also 
interesting  that  this  research  has  important  spin-offs.  In  particular  the  Novosibirsk  facility 
GOL-3  can  be  used  as  a  UV  generator,  both  as  a  flash  lamp,  and  as  a  laser;  the  work  on  the 
heating  source  for  the  GOL-3  facility  gave  rise  to  the  development  of  high  power,  high  quality 
ribbon  beams  that  can  be  applied  for  microwave  generation;  GOL-3  is  intensely  used  for 
tokamak  disruption  simulations. 

Now  I  switch  to  the  issues  of  microwave  generation.  What  impressed  me  here  most 
was  the  progress  in  relativistic  klystron  research,  as  reflected  in  the  paper  by  Dr.  Friedman, 
including  very  high  efficiency  reaching  50%.  The  other  important  development  was  a  better 
understanding  of  the  pulse-shortening  problem  -  some  order  has  been  finally  brought  into  it, 
as  was  very  nicely  presented  here  by  Dr.  Benford.  Then,  we  saw  that  a  number  of  concepts 
and  variety  of  configurations  used  in  pulsed  microwave  experiments  has  grown  considerably. 
The  configurations  include  cylindrical  and  annular  beams,  with  singly  and  multiply  connected 
structures,  plasma  annuli  enclosing  E-beams,  ribbon  beams,  and  many  others.  All  of  them 
have  a  promising  future.  Of  some  concern,  I  think,  is  that  there  are  not  too  many  customers,  at 
least  to  my  knowledge,  so  it  would  be  very  important  to  try  to  better  identify  who  are  these 
customers,  and  may  be  to  look  for  new  applications.  Otherwise,  the  lack  of  customers  may 
become  a  major  problem  on  the  way  of  development  of  these  systems, 

A  few  comments  about  the  Rayleigh-Taylor  instability  and  the  liner  instabilities  in 
general.  I  would  like  to  emphasize  that  one  can  expect  a  very  strong  stabilizing  effect  of 
rotation  and  of  shear  flow  on  Rayleigh-Taylor  instability  of  imploding  liners.  And,  what  is 
more  important,  there  exists  a  very  flexible  technique  allowing  one  to  generate  rotation  and/or 
shear  flows.  And  what  is  probably  even  more  important  than  that,  is  that  even  if  the  system  is 
unstable  with  respect  to  the  Kelvin-Helmholtz  modes  (shear  flow  modes),  still  the  shear  flow 
may  produce  a  considerable  slowing-down  of  mixing  caused  by  the  Rayleigh-Taylor 
instability.  The  reason  for  this  is  that  the  perturbations  generated  in  these  two  instabilities 
have  very  different  structure. 

The  Rayleigh-Taylor  instability  produces  familiar  bubble  and  spike  perturbations, 
strongly  stretched  in  the  direction  of  the  effective  gravity  force.  Perturbations  produced  by  the 
Kelvin-Helmholtz  instability  are  the  vortices  with  much  more  rounded  shape.  They  may 
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effectively  destroy  the  rapidly  growing  spikes.  Also  important  is  that  the  width  of  the  mix 
layer  between  the  heavy  and  the  tight  fluid  in  the  Rayleigh-Taylor  case  asymptotically  grows 
as  the  time  square,  while  in  the  Kelvin-Helmholtz  instability  the  mix  layer  between  two  fluids 
with  different  tangential  velocities  grows  only  linearly  with  time.  All  this  is  just  a  reflection  of 
the  fact  that  these  two  instabilities  are  very  different  in  their  nature.  It  may  well  happen  that 
the  pre-existing  Kelvin-Helmholtz  instability  excited  near  the  liner  surfaces  will  be  beneficial 
for  the  better  performance  of  the  pinch. 

Although  futurology  is  a  very  risky  endeavor,  I  take  a  risk  of  making  one  prediction: 
in  the  coming  two  years  we  will  be  witnessing  a  great  progress  in  the  understanding  of  liner 
performance,  including  very  difficult  issues  of  stability  and  mix.  The  basis  for  my  optimism 
is,  first,  the  existence  of  a  large  number  of  experimental  devices  complementing  each  other  in 
terms  of  the  information  provided  and,  second,  creation  -  in  the  course  of  years  -  a  rather 
detailed  piece-wise  description  of  the  processes  involved.  I  have  a  feeling  that  these  pieces  of 
theoretical  understanding,  together  with  experimental  results,  will  very  soon  get  together  to 
create  a  comprehensive  picture  of  the  liner  implosion. 

The  other  thing  that  I  should  mention  here  is  that  rotating  liners  and/or  the  liners  with 
shear  flows  ean  be  used  for  simulating  some  astrophysical  phenomena,  like  turbulent 
momentum  transport  in  rotating  imploding  stars,  or  turbulent  generation  of  magnetic  field. 
Maybe,  we  should  look  more  closely  on  what  we  can  suggest  in  this  direction,  again,  with  the 
idea  of  establishing  closer  links  with  a  broader  community  of  physicists. 

Then,  my  final  comment:  I  have  heard  suggestions  that  at  the  future  conferences 
parallel  sessions  should  be  established.  I  think  that  it  is  in  fact  good  that  we  do  not  have  these 
parallel  sessions,  because  this  brings  a  spirit  of  unity  to  our  group,  and  if  we  separated  the 
microwave  people  from  the  ion  beam  people,  and  those  from  the  Z-pinch  people  and  so  on, 
and  so  forth  -  well,  it  would  work,  because  the  separate  conferences  for  each  of  these  areas  of 
research  already  exist,  but  this  particular,  BEAMS,  conference  would  lose  much  of  its  charm. 
The  opportunity  of  cross-fertilization  provided  by  the  BEAMS  conferences  is  a  very  valuable 
asset  of  our  community  and  we  should  preserve  it. 

Thank  you  very  much. 

Thank  you  Dmitri.  And  now  allow  me  to  ask  our  colleague  Mesyats  to  say  several  words. 

Gennady  Mesyats 

I  would  like  to  say  a  few  words  about  high-power  microwaves.  During  this  conference, 
we  listened  to  many  interesting  new  results  in  high  power  microwave  area.  First  results  to  be 
mentioned  are,  may  be,  the  soft  radiation  from  very  short  eleetron  beam,  a  few  highly 
elliptieal  circular  beam  investigations  of  Ekaterinburg  and  Nizhny  Novgorod,  and  very 
interesting  results  using  ribbon  electron  beam  of  microsecond  duration  for  high  power 
microwave  radiation  in  Novosibirsk  Nuclear  Institute  -  Dr.  Arzharmikov,  and  may  be  one  of 
interesting  results  from  All-Russian  Electrotechnical  Institute  from  Moscow  -  Dr.  Zavyalov  - 
continuous  microwave  radiation  using  low  energy  electron  beam  and  plasma-filled  diode.  And 
many  interesting  results  have  bee  reported  on  high  power  microwave  hundred-nanosecond 
radiation  from  New  Mexico  University,  Texas  Technical  University  and  so  on.  According  to 
my  opinion,  this  area  of  investigation  at  our  conference  is  very  good,  too. 

Furhter,  may  be  a  few  words  about  industrial  applications.  Industrial  application  of  ion 
beam  and  electron  beam  for  modification  of  materials,  for  modification  of  metal,  dielectric 
and  so  on  -  investigation  from  Sandia,  Los  Alamos,  Ural,  Siberia  and  so  on. 

Finally,  I  would  like  to  add  a  few  comments  about  collaboration.  Very  interesting:  In 
this  Book  of  Abstracts  we  can  see  many  articles,  many  papers  with  authors  from  different 
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laboratories  from  several  countries.  Evidently,  in  all  countries,  separate  laboratories  have  just 
limited  money  for  investigation,  and  for  investigation  of  high  power  particle  beams  in 
particular,  and  they  are  forced  to  collaborate.  As  a  result  of  this  collaboration,  many  reports  at 
this  conference  are  joined  investigations  from  former  Soviet  Union  Republics,  from  France, 
United  States,  China,  and  so  on. 

At  the  end  of  my  talk  1  would  like  to  express  my  thanks  to  the  Local  Organizing 
Committee.  The  Russian  delegation  was  very  big,  the  biggest  delegation  at  the  conference  - 
more  than  hundred  people  -  and  the  Local  Committee  and  the  International  Committee  did 
a  lot  to  support  our  group.  This  conference,  I  think,  was  organized  very  well.  Thank  you  very 
much,  Karel,  and  many  thanks  to  all  our  colleagues  from  the  Academy  of  Sciences  of  the 
Czech  Republic. 

Thank  you  very  much.  Now  allow  me  to  introduce  our  colleague  Valya  Smirnov. 

Valentin  Smirnov: 

Thank  you  very  much  Karel.  I  recall  first  BEAMS  conferences  were  completely 
devoted  to  pulsed  power  for  beams  production,  beams  physics,  microwave  generation  and 
beam-matter  interactions.  Now  we  have  met  a  different  situation.  Z-pinches  started  to  be  a 
very  important  part  of  our  activity.  In  some  the  present  name  of  the  conference  is  in 
contradiction  with  its  content. 

I  think  at  this  conference  z-pinches  as  an  ICF  relevant  source  and  source  for  basic 
application  is  formulated  finally.  And  in  this  sense  I  would  like  to  congratulate  my  colleagues 
from  Sandia  with  bright  results  on  very  powerful  soft  X-ray  radiation  from  multiwire  arrays. 
During  this  conference  we  got  some  new  results  of  previous  scheme  of  z-pinch  using  for  ICF 
and  for  other  application.  I  mean  the  double  liner  implosion  scheme  developed  in  TRINITI, 
1  mean  very  interesting  results  of  complex  z-pinch  presented  for  instance  today  by  Bernard 
Etlicher,  and  I  mean  the  new  ideas  and  new  developments  of  scheme  of  Rudakov  from 
Kurchatov  Institute. 

Also,  there  are  some  interesting  papers  about  small-scale  z-pinches,  which  we  could 
see  here  -  for  instance  some  new  results  of  small  pinches  given  us  by  paper  of  Dr.  Kubes  -  the 
development  of  neck  instability.  I  think  that  all  results  give  us  very  good  optimism  in  the 
future  development  of  z-pinches  as  drivers  for  different  basic  and  science  applications. 
Personally  I  have  been  impressed  by  the  picture  shown  by  professor  Chemyschev,  with  quasi- 
spherical  liner  compression.  This  example  proves  we  have  more  ideas  that  we  could  really  test 
on  our  devices.  The  idea  of  using  of  quasi-spherical  implosion  is  very  attractive.  We  know 
that  such  experiment  in  the  microsecond  time  scale  has  been  done  on  Shiva-Star  facility.  It 
would  be  extremely  interesting  to  develop  this  approach  for  nanosecond  scale  implosion  of 
dense  spherical  plasma. 

Very  impressive  results  reported  in  this  direction  need  further  improving  of  theory  and 
technology.  I  think  that  everybody  agree  with  remark  of  Ravi  Sudan  that  when  going  into  the 
so  high  energetics  z-pinches  we  should  start  a  new  physics  of  z-pinch.  During  this  conference, 
we  heard  several  ideas  about  stability  of  implosion,  which  just  now  have  been  mentioned  by 
professor  Ryutov.  Clearly,  further  progress  in  the  theory  and  code  development  is  needed. 
Also,  there  is  a  lot  of  things  that  we  should  do  in  the  experiment.  I  mean  the  production  of 
very  uniform,  very  controllable  annular  plasma  shell  for  implosion,  necessary  for  getting  good 
results.  So,  for  me  field  of  Z-pinch  physics  is  inexhaustible  up  to  now,  but  following  to  the 
present  fashion  or  present  challenge  we  have  to  look  for  some  industrial  applications.  I  should 
mention  that  we  do  not  see  many  papers  in  this  direction.  But  it  is  knovm  that  z-pinch  like 
discharge  has  a  large  potential  for  different  kind  of  applications.  Let  me  remind  you  some  of 


-  1284- 


them.  First  of  all,  it  is  production  of  nanosized  powder  of  metals  and  oxides.  In  this  direction 
team  of  professor  Mesyats  made  a  lot.  Just  now  this  development  started  in  Karlsruhe.  In 
Fortov  team  some  interesting  phase  transitions  in  solid  were  observed  in  Z-pinch  discharge. 
In  Russia  several  laboratories  try  to  use  wire  explosion  to  modify  the  inner  surface  of  the 
metal  tubes  for  industrial  applications.  In  our  laboratory  -  Troitsk  -  one  team  is  involved  in  the 
hardening  of  metal  surface  by  implosion  of  gas-puff.  They  have  also  got  some  interesting 
results. 

So,  you  see,  Z-pinches  are  quite  promising  for  many  directions  of  basic  research  and 
application,  and  I  think  that  during  our  next  meetings  we  will  meet  new  bright  results.  Thank 
you  very  much. 

Thank  you.  An  now,  as  you  all  probably  feel,  we  are  going  to  interconnect  the  both 
ends  of  this  conference  together.  At  the  opening  session  there  were  four  Czechs  sitting  here  at 
the  table,  three  of  us  were  genuine  Czechs  and  the  fourth  was  -  if  you  allow  me  to  say  it  that 
way  -  a  honorary  Czech,  and  at  the  same  time  doyen  of  our  community.  It ’s  a  pleasure  for  me 
to  express  deep  gratitude  for  the  support  of  Ravi  Sudan  of  our  work  here  in  Prague  during  all 
the  decades.  And  I  am  very  very  very  glad  that  I  have  the  honour  to  introduce  him  as  the  last 
speaker  of  this  panel  discussion.  Please. 

Ravi  Sudan 

I  have  been  given  the  singular  privilege  by  Dr.  Jungwirth  to  have  the  last  word  on  the 
subject.  But  he  qualified  that  by  demanding  that  I  speak  about  the  future.  Speaking  about 
the  future  is  very  hazardous  and  my  only  comment  is  that  the  future  is  not  a  passive  state 
waiting  to  happen,  but  is  determined  by  the  present.  Therefore  it  is  our  enthusiasm  or  lack 
thereof  for  the  things  we  do,  that  will  determine  the  future. 

Our  field,  or  at  least  the  fields  represented  in  this  conference,  were  nurtured  by  the 
needs  of  the  cold  war.  The  end  of  the  cold  war  has  had  strong  impact  on  these  fields;  some  for 
good,  and  some  not  so  good.  For  example,  in  the  U.S.  Department  of  Energy,  the  Office  of 
Magnetic  Fusion  got  its  budget  cut  from  340  million  dollars  a  year  to  somewhere  round 
240-miIlion  in  one  year.  But  every  dark  cloud  has  a  silver  lining.  The  silver  lining  in  this  case 
was  that  it  initiated  a  strong  re-examination  of  what  we  were  doing.  Many  of  the  things  that 
you  took  for  granted  have  been  brought  under  scrutiny;  that  is  what  is  happening  to  the 
tokamak  programme  at  the  present  time.  The  next  step  -  ITER  -  is  being  brought  under 
increasing  scrutiny  in  the  United  States.  The  silver  lining  is  that  the  science  aspect  of  energy 
research  has  moved  up  by  a  notch.  Through  this  process,  we  have  gained  a  little  at  Cornell 
because  we  have  got  funding  for  an  idea  that  has  been  around  for  a  long  time  but  was  never 
really  funded  at  a  level  to  accomplish  anything.  So,  that  explains  my  enthusiasm  and  the 
enthusiasm  of  the  Cornell  team  that  is  dedicated  to  ion  ring  research,  of  which  I  spoke  at  the 
very  first  BEAMS  Conference  and  now  at  the  eleventh  Conference.  So  we,  our  little  group,  is 
very  enthusiastic  and  I  am  sure  other  little  groups  pursuing  other  ideas  would  be  extremely 
enthusiastic  and  the  outcome  of  these  studies  may  form  the  basis  for  future  fusion  research. 

Now  to  get  serious  funding  we  must  answer  the  needs  of  society.  Although  the  cold 
war  has  ended,  nuclear  weapons  have  not  disappeared,  and  they  will  still  provide  the 
momentum  for  a  lot  of  work  for  a  long  time.  People  in  this  conference  have  realized  that  they 
also  have  to  branch  out  into  commercial  applications,  and  several  groups  are  looking  into  that, 
including  professor  Yatsui's,  who  is  making  a  very  strong  thrust  in  that  direction  in  Japan. 

The  other  areas  are  energy  and  environment.  Concern  with  energy  is  not  shared  by 
society  as  a  whole,  at  least  in  the  United  States.  They  think  -  there  are  no  energy  problems.  So, 
energy  research  in  the  United  States  is  being  maintained  by  the  enthusiasm  of  scientists,  not  so 
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much  by  the  perception  of  the  public.  Environment  is  another  matter,  there  is  a  lot  of 
enthusiasm  from  the  public.  And,  therefore,  that  is  an  area  we  must  explore.  I  was  particularly 
impressed  by  Dr.  Bowman's  talk  on  transmutation  technology  which  may  have  an  application 
for  environmental  good.  But  the  only  point  at  which  I  would  differ  with  him  is  that  while 
I  would  accept  the  RE  linac  as  a  means  for  providing  neutrons  for  the  present,  I  think  our 
community  can  come  up  with  choices  for  accelerators  that  may  be  more  economic  in  the 
future.  This  is  just  the  sort  of  thing  that  we,  as  a  community,  should  be  addressing:  to  seek  the 
possibility  of  cheaper,  less  costly  accelerators,  to  do  what  the  RF  linac  would  accomplish. 

Back  to  the  energy  area;  in  ICF  I  would  like  to  be  an  iconoclast.  I  would  like  to  ask 
questions  now,  that  I  might  have  asked  thirty  years  ago.  I  share  the  enthusiasm  for  z-pinches, 
and  they  would  perhaps  be  part  of  the  solution  for  the  nuclear  weapon  problem.  But  for 
energy,  in  ICF  there  is  a  stand-off  problem  that  Jeff  mentioned.  And  that  is  where  you  would 
need  ions.  Now,  for  ions  there  are  two  communities:  there  is  the  light  ion  community  and  the 
heavy  ion  community.  And  I  personally  don't  see  any  reason  for  this  division.  There  is  a  whole 
range  of  ions  between  hydrogen  and  uranium,  and  why  should  we  concentrate  on  one  or  the 
other.  The  actual  reason  is  that  accelerators  were  available  in  these  two  limits.  The  heavy  ion 
accelerator  existed  before  any  thought  of  ICF  and  the  pulsed  power  technology  provided  light 
ions.  But  I  think  the  optimum  ion  mass  is  somewhere  in  between.  This  is  another  area  where 
we  can  show  some  imagination,  to  come  up  with  accelerator  ideas  for  ions  in  the  region  of 
Calcium,  for  instance.  The  currents  required  would  not  be  as  large  as  those  required  for 
lithium  ions  nor  I  guess,  would  the  cost,  perhaps,  be  as  great  as  that  for  a  heavy  ion 
accelerator.  That  is  an  area  where  young  people  ought  to  be  doing  some  serious  thinking. 

Then,  there  is  a  question  of  transport  of  energy  to  the  pellet.  For  the  laser  people,  there 
is  no  problem  of  transport.  Zero  charge  photons  can  be  focused  easily.  Actually  they  focus  too 
easily  and  have  to  be  smeared  out  to  obtain  uniformity  over  the  pellet.  We  have  assumed  that 
charged  particles  should  be  focused  the  same  way  as  photons,  namely  by  lenses,  and  by  free 
propagation.  It  may  not  be  the  way  to  focus  at  all.  There  may  be  another  way  of  transferring 
energy  in  high  ion  beam  currents  to  the  DT  pellet.  That's  an  iconoclastic  thought  that  the 
younger  section  of  this  audience  may  well  ponder  over.  Why  should  a  charged  particle  be 
following  the  same  trajectory  as  a  photon,  because  they  have  quite  different  properties. 

So,  there  are  fundamental  questions  still  to  be  answered  in  our  field,  there  are  major 
needs  of  society  that  we  could  address.  I  have  great  confidence  in  the  ingenuity  of  the  people 
assembled  here  and  I  also  hope  that  you  can  attract  younger  people  to  this  field  in  the  future. 

Thank  you. 


Karel  Jungwirth: 

Thank  you,  thank  you  all  dear  colleagues.  And  everybody  can  check  that  it’s  precisely 
noon,  precisely  the  time  at  which  our  conference  is  to  be  ended.  I  will  thank,  therefore,  to  all 
our  panelists  and  I  would  like  to  ask  my  colleague  Shiloh  to  join  me  here,  and  then  also  my 
co-chairman  Ullschmied  who  did  the  most  work  and  helped  me  for  two  years,  to  help  me  also 
with  the  closing  ceremony.  Thank  you  very  much. 
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CLOSING  CEREMONY 


Karel  Jungwirth 

Dear  colleagues,  first  of  all  allow  me,  please,  to  thank  all  of  you  for  the  hard  work  you 
have  done  in  your  laboratories  when  getting  the  new  results  and  preparing  the  reports  to  this 
conference.  1  hope  and  believe  that  everybody  has  given  us  his  manuscript  so  that  we  will  be 
able  to  send  you  in  time  also  the  proceedings  of  this  conference.  Allow  me,  please,  to  thank, 
to  express  also  our  thanks  to  the  stuff  of  this  congress  centre  and  especially  to  Mrs. 
Hanouskova  for  the  excellent  job  they  did  during  the  whole  week.  I  haven’t  heard  any 
complaints  about  services.  And  allow  me  to  express  my  thanks  also  at  least  to  the  responsible 
persons  from  the  Guarant  Agency,  the  co-organizer  of  this  conference  -  to  Miss  Bene§ova  and 
Miss  Podhorska. 

And  now  1  would  like  to  have  a  few  extra  minutes  to  express  my  deepest  gratitude  to 
all  the  sponsors  which  have  contributed  to  the  success  of  this  conference.  Without  their  help 
we  wouldn’t  be  able  to  do  it,  and  to  prepare  it  as  it  was  done  and  prepared  including 
publishing  and  mailing  you  the  proceedings  of  this  conference.  To  have  an  idea  about  the  total 
amount  of  money  we  got  from  the  sponsors,  imagine  that  it  represents  more  than  one  third  of 
the  whole  budget  of  this  conference.  Therefore,  let  me  name  the  sponsors  now: 

I  thank  the  Sandia  National  Laboratory  -  thank  you  Don  Cook;  I  thank  the  Office  of 
Naval  Research  -  thank  you  Chuck  Roberson;  I  thank  the  European  Science  Foundation  - 
thank  you  Hans  Karow;  I  thank  the  Naval  Research  Laboratory  -  thank  you  Tim  Coffey;  I 
thank  the  Physics  International  -  thank  you  Charles  Stallings;  I  thank  the  Maxwell 
Laboratory  -  thank  you  Roger  White;  1  thank  the  US  Air  Force  European  Office  of 
Aerospace  Research  and  Development  -  thank  you  Vicky  Cox. 

And  let  me  to  mention  explicitely  that  we  have  also  our  domestic  Czech  sponsors  since 
it  tells  something  about  the  new  shape  of  the  economy  of  this  young  new  bom  state.  I  thank 
the  CEZ,  which  means  the  Czech  Energetics  Enterprises  -  thank  you  Peter  Karas,  I  thank  the 
Energoprojekt  Praha  -  the  Prague  Projects  of  Energy  -  thank  you  Jaroslav  Knotek,  and  I 
thank  the  Skoda  Jaderne  Inzenyrstvi  -  Skoda  Nuclear  Machinery  -  thank  you  Vladimir 
Lobovsky. 


As  our  French  colleagues  used  to  say  „  Le  roi  est  mart,  vive  le  roll  “  In  this  connection 
I  have  to  tell  you  a  few  words.  In  addition  to  all  these  plenary  and  poster  meetings  there  were 
three  meetings  of  the  International  Advisory  Committee  and  we  had  to  make  decisions  about 
the  future  of  these  conferences.  It  was  by  far  not  an  easy  task,  and  I  will  start  with  the 
information  about  the  last  conference  of  this  century,  of  this  millennium.  We  had  serious 
offers  of  two  candidates,  both  very  very  attractive.  Finally,  after  long  discussions  and  by  far 
not  unanimously,  we  have  decided  that  the  last  conference  of  this  millennium  will  be  held  in 
France,  that  means  the  conference  BEAMS ’2000. 

The  situation  with  the  next  conference  taking  place  in  two  years  was  much  easier  to 
decide.  Here  vye  were  completely  unanimous  and  so  I  am  happy  to  be  able  now  to  give  over 
all  the  burden  to  my  colleague  Shiloh  who  is  going  to  invite  us  to  come  to  Haifa  in  June  1998. 

Please. 
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Joseph  Shiloh; 

Thank  you  Karl.  I  must  tell  you  that  when  I  heard  Jerry  Cooperstein  give  the  statistics 
before  and  when  I  watched  the  success  of  this  conference  I  got  really  worried  because  I  feel 
the  responsibility  to  top  it  or  at  least  to  be  able  to  be  equal. 

Basically,  what  Jerry  said  were  three  criteria  to  the  success  of  the  conference:  One  is 
the  number  of  people  which  we  saw  on  the  graph  and  then  are  the  innovations,  the  technical 
and  scientific  innovations,  and  the  beauty  and  the  history  of  the  location  of  the  conference. 

I  am  not  going  to  ask  you  for  help  on  the  last  issue  I  think  we  can  have  it  done  quite 
well  in  Israel,  but  I  am  asking  you  for  help  on  the  first  two  issues.  And  I’d  like  everyone  of 
you  to  make  a  resolution  to  be  innovative  to  send  us  an  abstract  and  to  come  to  Israel  in  two 
years. 

Thank  you. 

Karel  Jungwirth; 

Thank  you  very  much  and  what  we  can  promise  you  is  that  we  will  give  you  all  the 
help  we  can  and  all  the  experience  and  data. 

And  now  I  wish  to  everybody  who  will  stay  all  this  weekend  in  Prague  to  have  still 
a  good  nice  weather.  To  all  of  you  I  wish  safe  flights  home,  much  success  in  your  professional 
life,  and  happiness  in  your  private  life. 

Good  luck. 

Jeff  Quintenz: 

Before  we  all  stand  up  to  leave  harbor,  I  have  been  asked  by  the  International 
Committee  to  express  our  very  sincere  gratitude  for  the  hard  work  that  professor  Jungwirth, 
doctor  Ullschmied,  professor  Sunka,  the  entire  Local  Organizing  Committee  has  put  forward 
to  make  this  a  truly  outstanding  conference.  And  I  wish  that  we  would  all  stand  and  give 
a  grand  applause  to  these  fine  organizers. 
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BEAMS  STATISTICS 


Jifi  Ullschmied 


The  11*'’  International  Conference  on  High-Power  Particle  Beams  was  held  in  the 
Congress  Centre  Prague  from  June  10  to  June  14,  1996,  and  was  hosted  by  the  Institute  of 
Plasma  Physics,  Academy  of  Sciences  of  the  Czech  Republic.  From  568  pre-registrants  just 
309  participants  from  23  countries  actually  attended  the  conference.  This  number  is  still  rather 

encouraging,  if  compared  with  the  attendance 
of  five  previous  conferences  held  in  Kobe 
(1986),  Karlsruhe  (1988),  Novosibirsk 
(1990),  Washington,  D.C.  (1992),  and  San 
Diego  (1994)  -  see  Fig.  1. 

The  distribution  of  BEAMS ’96 
attendees  by  country  was  the  following; 
Australia  (1),  Austria  (1),  Belarus  (3), 
Canada  (1),  Chile  (2),  Czech  Republic  (38), 
France  (19),  Georgia  (2),  Germany  (25), 
Israel  (12),  Italy  (2),  Japan  (17),  P.R.  China 
(5),  Poland  (4),  Romania  (2),  Russia  (105), 
S.  Korea  (1),  Switzerland  (2),  Turkey  (1), 
Ukraine  (3),  United  Kingdom  (3),  USA  (60). 

As  seen  from  the  following  table,  the 
distribution  of  BEAMS  attendees  by  country 
depends  to  a  great  extent  on  the  geographical  location  of  the  conference,  and  it  is  positively 
influenced  by  the  changing  political  climate  in  the  last  period  as  well. 


Fig.l 

Number  of  participants  of  the  last  six  BEAMS  conferences 


Table  -  Number  of  participants  from  several  selected  countries  at  the  last  six  BEAMS  conferences 


■ 

USA 

Japan 

li— 1 

Israel 

Others 

TOTAL 

1986 

77 

155 

17 

5 

8 

5 

14 

■OSH 

155 

1988 

MflM 

19 

16 

75 

8 

75 

1990 

rai 

14 

149 

6 

0 

13 

WEsm 

149 

1992 

286 

15 

mmsm 

10 

13 

12 

22 

286 

1994 

173 

19 

13 

10 

12 

10 

173 

1996 

60 

17 

25 

19 

12 

63 

309 

38 

The  BEAMS’96  international  Programme  Committee  considered  about  430  submitted 
paper  abstracts.  422  papers  were  accepted  for  presentation,  from  which  303  have  been  really 
delivered  to  the  conference.  Sixty  papers  were  presented  orally  in  eight  oral  sessions,  the  other 
as  posters  in  four  poster  sessions. 

The  distribution  of  papers  among  the  main  topical  groups  was  roughly  the  following: 
Imploding  liners,  z-pinches,  plasma  foci  (53),  pulsed  power  technology  and  its  applications 
(39),  high-power  microwaves,  FELs  (38),  ion  beams,  ion  diodes  (25),  electron  beams,  beam- 
plasma  systems  (24),  radiation  sources  other  than  microwave  (23),  ion  beam  applications, 
BDTT  (20),  ICF,  targets  (16),  electron  beam  applications  (16),  POSs,  SOSs  (14),  diagnostics 
(14),  vacuum  and  plasma  discharges  (9),  accelerators  (7),  other  (5).  Consequently,  there  is  a 
clear  tendency;  the  ‘non-beam’  papers  begin  to  prevail  at  the  ‘BEAMS’  conferences! 

This  Proceedings  contain  the  full  texts  of  289  papers,  and  14  abstracts  of  the  papers  the 
full  texts  of  which  were  not  available  even  three  months  after  the  conference. 
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From  the  BEAMS  Pre-history 


Regrettable  enough,  the  1 1th  International  Conference  on  High  Power  Particle  Beams 
is  over.  It  belongs  already  to  the  22  years’  old  history  of  the  BEAMS  conferences,  the  roots  of 
which  can  be  traced  even  to  the  end  of  the  sixties.  Some  people  might  still  remember  that  in 
1996  it  was  not  the  first  time  the  ‘hundred-spired  golden  Prague’  hosted  the  world  beam 
community  in  its  ancient  surroundings.  In  fact  Prague  may  be  considered  as  the  site  of  pre¬ 
history  of  all  international  BEAMS  conferences. 

Already  in  1967  Milos  Seidl,  former  head  of  the  Beam-Plasma  Department  of  the 
Institute  of  Plasma  Physics  of  the  Czechoslovak  Academy  of  Sciences,  organized  in  Prague 
enthusiastically  the  First  International  Symposium  on  Beam-Plasma  Interaction. 


Milos’s  boys  in  1965 

Upper  row  (from  left):  J.  Pohanka,  A.  Rajsky,  M.  Seidl,  P.  Sunka 
Lower  row:  A.  Stupka,  L.  Hyttych,  J.  Jancarik,  P.  Jaro§ova, 

V.  Piffl,  J.  Ullschmied 


Among  its  125  participants  from 
16  countries  there  were  such  out¬ 
standing  personalities  as  A.  Bers 
(MIT),  F.  Botiglioni  (CEA  Fontenay), 
M.  Brambilla  (Saclay),  H.  Bremmer 
(FOM),  N.S.  Buchelnikova  (INP 
Novosibirsk),  T.  Consoli  (Saclay), 
F.W.  Crawford  (Stanford),  Ya.B. 
Fainberg  and  V.D.  Fedorchenko  (FTl 
Kharkov),  G.  von  Gierke  (IPP  Gar- 
ching),  R.W.  Gould  (CALTECH), 
S.M.  Hamberger  (Culham),  W.  Herr¬ 
mann  (IPP  Garching),  H.J.  Hopman 
(FOM),  F.  Magistrelli  (Frascati),  G. 
Muller  (IPP  Garching),  A.A.  Rukhadze 
(FIAN),  S.A.  Self  (Stanford),  L.D. 
Smullin  (MIT),  C.B.  Wharton  (GD  San 
Diego),  E.K.  Zavoyskiy  (Kurchatov 
Inst.),  and  many  others  (cf  IPPCZ-91, 
October  1967). 


Some  of  them,  still  active  in  the  field,  might  have  recognized  in  the  white-bearded 
BEAMS'96  chairman  the  very  young  secretary  of  that  Symposium.  That  time  Karel  Jungwirth 
shared  his  responsibility  for  the  scientific  programme  with  Pavel  Sunka,  who  is  now  director 
of  the  BEAMS'96  host  organization  -  the  Institute  of  Plasma  Physics  of  the  Czech  Academy 
of  Sciences. 

In  the  second  half  of  sixties  Milos  Seidl  and  his  group  concentrated  their  efforts  on  the 
study  of  high-frequency  beam-plasma  instabilities.  He  and  his  co-workers  contributed 
substantially  to  the  understanding  of  the  mechanism  of  plasma  heating  by  non-relativistic 
electron  beams.  Milos’s  dream  was  to  build  a  beam-plasma  machine,  in  which  the  plasma 
density  and  temperature  could  be  easily  adjusted  by  two  corresponding  control  knobs  only.  In 
that  pioneer  times  it  seemed  that  to  heat  plasma  by  electron  beams  up  to  the  thermonuclear 
temperatures  is  a  relatively  easy  task,  that  it  is  just  a  question  of  proper  increasing  the  injected 
beam  energy. 
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The  idea  to  built  a  high  current  relativistic  electron  accelerator  in  the  Prague  Institute 
of  Plasma  Physics  arose  shortly  after  the  first  Beam-Plasma  Symposium.  Unfortunately,  Milos 
did  not  manage  to  realize  it  himself  any  more,  as  he  -  very  providentially  -  left  the  country  in 
August  1968,  just  one  day  before  the  invasion  troops  entered  Czechoslovakia. 

The  paths  of  life  of  Milos 
and  his  ‘boys’  became  separated  for 
long  22  years,  something  which  was 
hard  to  imagine  in  1968.  In  1969 
Milos  joined  Stevens  Institute  of 
Technology  in  Hoboken,  MJ,  as 
Professor  of  Physics  and  director  of 
the  Plasma  Physics  Laboratory.  After 
four  years  of  his  US  stay  any  official 
contacts  with  his  native  Institute  in 
Prague  were  strictly  cut  off  from  the 
Institute’s  side,  and  just  rare 
unofficial  private  contacts  with  his 
former  collaborators  -  kept  well  in 
secret,  of  course  -  continued  without 
any  interruption  up  to  the  ‘velvet 
revolution’  in  November  1989. 

In  1990  Milos  Seidl  was  elected  an  honorary  member  of  the  newly  established 
Scientific  Council  of  the  Prague  Institute  of  Plasma  Physics.  It  was  a  great  pleasure  for  all 
Milos’s  former  colleagues,  and  for  the  Prague  REB  team  in  particular,  to  meet  their  former 
‘boss’,  the  distinguished  Professor  Emeritus  of  Physics  and  Engineering  Physics  Milos  Seidl, 
in  Prague  again  at  the  occasion  of  the  BEAMS ’96  conference,  which  he  was  invited  to  attend 
as  an  honorary  conference  quest.  It  was  by  far  not  just  a  chance  that  the  Academy  of  Sciences 
of  the  Czech  Republic  used  this  very  occasion  to  award  him  for  his  merits  in  physical  sciences 
by  the  Golden  Medal  of  Ernst  Mach. 

We  wish  Professor  Milos  Seidl  much  health,  success  and  happiness,  and  many  next 
fruitful  years. 
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Invitation  to  the  next  conference 


Welcome  to  Haifa 
nS'tll?  t3*K3rt  0*3113 


We  look  forward  to  the  continued  success  of  the  BEAMS  meetings  at 

BE  AMS '98 


in  Haifa,  Israel. 

Conference  date:  June  8-12, 1998 
Host  organization:  Rafael,  Haifa 


For  more  information  please  contact 

Dr.  Joseph  Shiloh,  Conference  Chair 
Dept.  23,  Rafael 
Haifa,  ISRAEL 

E-mail:  beams98@plasma-gate .  weizmann.acii 
jshiloh@rafaeLco.iI  or  shilo@eng.tau.ac.il 

WWW  home  page  BEAM$'98: 

http;//plasma-gate.weizmann,ac.il/''>peter/beams98.htinl 


